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ABSTRACT 
 
Particle separation is of great interest to many biological and biomedical 
applications. Flow-based methods have been used to sort particles and cells. However, 
the main challenge with flow based particle separation systems is the need for a sheath 
flow for successful operation. Existence of the sheath liquid dilutes the analyte, 
necessitates precise flow control between sample and sheath flow, requires a complicated 
design to create sheath flow and separation efficiency depends on the sheath liquid 
composition. In addition, current gold standard active separation techniques are only 
capable of separation based on particle size; hence, separation cannot be achieved for 
same-size particles with different densities. In this dissertation, a sheathless acoustic-
based microfluidic platform using surface acoustic wave for not only size-dependent but 
also density-dependent particle separation has been investigated. In this platform, two 
different functions were incorporated within a single microfluidic channel with varying 
the number of pressure node and position. The first function was to align particles on the 
center of the microfluidic channel without adding any external sheath flow. The second 
function was to separate particles according to their size or density. Two different size-
pairs of polystyrene particles with different diameters (3 µm and 10 µm for general size-
resolution, 3 µm and 5 µm for higher size-resolution) were successfully separated. Also, 
the separation of two 10 μm diameter, different-density particle streams (polystyrene: 
1.05 g/cm
3
, melamine: 1.71 g/cm
3
) was successfully demonstrated. The effects of the 
ix 
 
input power, the flow rate, and particle concentration on the separation efficiency were 
investigated. A range of high separation efficiencies with 94.8–100 % for size-based 
separation and 87.2 – 98.9 % for density-based separation were accomplished.  
In this dissertation, an acoustic-based microfluidic platform using dual acoustic 
streaming for active mixing has also been investigated. The rapid and high efficiency 
mixing of a fluorescent dye solution and deionized water in a microfluidic channel was 
demonstrated with single acoustic excitation by one interdigital transducer (IDT) as well 
as dual excitation by two IDTs. The mixing efficiencies were investigated as a function 
of applied voltage and flow rates. The results indicate that with the same operation 
parameters, the mixing efficiency with dual-IDT design increased to 96.7 % from 69.8 % 
achievable with the traditional single-IDT design. The effect of aperture length of the 
IDT on mixing efficiency was also investigated.   
Additionally, the effects of the polydimethylsiloxane (PDMS) channel wall 
thickness on the insertion loss and the particle migration to the pressure node due to 
acoustic radiation forces induced by SAW have been investigated. The results indicate 
that as the PDMS channel wall thickness decreased, the SAW insertion loss is reduced as 
well as the velocity of the particle migration due to acoustic forces increased significantly. 
As an example, reducing the side wall thickness of the PDMS channel from 8 mm to 2 
mm in the design results in 31.2 % decrease in the insertion loss at the resonant frequency 
of 13.3 MHz and 186 % increase the particle migration velocity at the resonant frequency 
of 13.3 MHz with input power of 27 dBm.  
Lastly, a novel acoustic-based method of manipulating the particles using phase-
shift has been proposed and demonstrated. The location of the pressure node was adjusted 
x 
 
simply by modulating the relative phase difference (phase-shift) between two IDTs. As a 
result, polystyrene particles of 5 μm diameter trapped in the pressure node were 
manipulated laterally across the microfluidic channel. The lateral displacements of the 
particles from -72.5 μm to 73.1 μm along the x-direction were accomplished by varying 
the phase-shift with a range of -180° to 180°. The relationship between the particle 
displacement and the phase-shift of SAW was obtained experimentally and shown to 
agree with theoretical prediction of the particle position. 
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CHAPTER 1. INTRODUCTION 
 
Lab-on-a-chip (LOC) technology has been developed to carry out chemical, 
biological, and biomedical processes on a microchip [1–3]. There are many advantages of 
scaling down the laboratory setups below sub-millimeter range, such as faster reaction 
rates due to the larger surface to volume ratio, smaller sample volume, high throughput, 
potentially low cost by utilizing mass production, and capability for compact and portable 
analysis systems [4, 5]. LOC integrates various functionalities of analytical processes in a 
miniaturized flow system, such as sample preparation, transportation, mixing, separation, 
sorting, and detection.  
Especially, the separation of particles or cells is critical for many biological and 
biomedical applications, including cell biology, diagnostics, and therapeutics, because 
samples contain various types of particles or cells with different abundance levels. For 
instance, efficient separation and quantification of human T-lymphocytes (CD4+) from 
whole blood is necessary for the monitoring and treatment of HIV [6, 7]. Separation of 
neuronal cells is used in cell replacement therapy of neurodegenerative disorders such as 
Parkinson’s disease and Alzheimer’s [8, 9]. Also, the diagnostic test for malaria depends 
on the separation of parasite infected red blood cells from uninfected cells [10, 11]. Most 
gold standard separation techniques are only capable of separation based on particle size; 
hence, separation cannot be achieved for same-size particles with different densities. 
However, density-based separation is required for many chemical and biological 
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applications, such as white blood cell classification [12], stem cell isolation [13], fetal 
cell collection from maternal blood [14], and specific bacterium sorting [15]. As a result, 
the development of technique to separate particles or cells efficiently based on not only 
size difference but also density difference is highly required because it is as important as 
essential preparatory step in many biological and biomedical assays.  
The mixing of the sample and reagent is also critical function for biological and 
chemical applications including genetic analysis, drug screening, and chemical synthesis 
and reactions [16–18]. Typically, LOC system is incorporating microfluidics, which is 
the technology of handling fluids on sub-millimeter scales, because most of the 
applications are performed in fluids within a microchannel. Since the flow in a 
microfluidic channel is highly laminar due to low Reynolds number, the fluid mixing 
depends on only molecular diffusion. However, the diffusion mixing is inherently very 
slow and needs very long channel designs. Thus, development of fast and highly efficient 
mixing techniques within the microfluidic channel is critical to reduce the analysis time 
and improve analysis throughput in LOC systems. 
To date, the combination of microfluidic system and external forces has been 
developed for separation and mixing methods, based on different mechanisms including 
optics [19, 20], electrokinetics [21, 22], dielectrophoretics [23, 24], and magnetophoretics 
[25, 26]. Especially, acoustofluidics, which refer to the use of acoustic-based external 
force in microfluidics, has attracted a high interest because of less power consumption, 
non-invasive nature, low manufacturing cost, and fast response time [27, 28]. This 
dissertation is focused on exploiting this acoustofluidics to develop highly efficient, 
capability, and throughput active separation and mixing techniques.  
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In this dissertation, Chapters 2 and 3 present detailed descriptions of microfluidics 
and acoustics, respectively, which are main physical mechanisms of acoustofluidics. The 
theory concerning the motions of microfluidics and common materials for microfluidics 
are discussed in Chapter 2. The classification of acoustic waves, principle of 
piezoelectricity, piezoelectric materials, distinctive characteristics of surface acoustic 
wave, and two key parameters including acoustic radiation force and acoustic streaming 
are presented in Chapter 3. In Chapter 4, the design, theoretical analysis, fabrication, and 
experimental characterization of novel acoustic-based microfluidic devices for size and 
density-dependent particles separation are reported. The development of active mixing 
microfluidic devices using acoustic streaming is introduced with detailed experimental 
data confirming the design principle in Chapter 5. The investigation of effects of 
polydimethylsiloxane (PDMS), most widely used polymer material for microfluidic 
channel, on acoustofluidics is reported in Chapter 6. In Chapter 7, a precise acoustic-
based particles manipulation technique by using relative phase difference of surface 
acoustic waves is presented. Finally, Chapter 8 contains conclusions and suggested future 
work. 
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CHAPTER 2. MICROFLUIDICS 
 
Microfluidics is a multidisciplinary science and technology of systems including 
engineering, biotechnology, physics, and chemistry. It deals with the behavior of fluids 
and suspensions in channels with dimensions of tens to hundreds of micrometers for the 
development of miniaturized systems. Since most of biological and chemical analyses are 
performed with the flow of liquids and suspensions, microfluidics has emerged as a 
critical technology in a variety of miniaturized analysis systems for chemical, biological, 
and biomedical applications including drug delivery [29, 30], DNA sequencing [31, 32], 
clinical and veterinary diagnostics [33, 34], point of care testing [35, 36], and chemical 
synthesis [37, 38]. Microfluidics offers numerous advantages as compared to the 
traditional analysis techniques. It leads to a significant reduction in the quantity of 
samples and reagent needed for analysis processes, a decrease in analysis and response 
time, an improvement of resolution and sensitivity, and enhancement of functionality by 
integrating different components, such as LOC or micro total analysis systems (μ-TAS).  
 
2.1. Theory of Microfluidics 
 The Reynolds number (Re) is the most critical factor to characterize the fluid flow 
structure within a channel. The Reynolds number represents the ratio of inertial forces to 
viscous forces: 
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hUDRe

                                                                  (1) 
where U , hD , and  are the mean flow velocity, the hydraulic diameter of the channel, 
and the kinematic viscosity, respectively. Based on the Reynolds number, the fluid flow 
can be classified as laminar and turbulent flow. In the laminar flow regime, the fluid 
travels smoothly in parallel layers without disruption between the layers. The properties 
of fluid flow, such as the velocity and pressure, are constant in time and space. Also, the 
transport processes of mass, momentum, and heat occurs very slowly because the laminar 
flow regime is characterized by high momentum diffusion and low momentum 
convection. On the other hand, in the turbulent flow regime, the fluid moves with 
irregular velocity fluctuations, resulting in fast transport processes. It is characterized by 
low momentum diffusion, high momentum convection, and variations of velocity and 
pressure of the fluid flow in time and space [39, 40].  
The flow within microfluidic system is highly laminar due to small dimensions of 
the channel. Due to the large surface to volume ratio, the viscous forces are dominant 
over inertial forces in the microfluidic channel. For instance, based on the typical 
hydraulic diameter of microfluidic channel, 100 μm, mean flow velocity with the order of 
1 cm/s, and aqueous medium with density of 1,000 kg/m
3
 and viscosity of 0.001 Pa·s, the 
Reynolds number of the typical flow within microfluidic channel approaches 1. This 
highly laminar characteristic of the fluid flow is critical for the efficient design of 
microfluidic platforms because laminar microflow patterns can be predicted much more 
reliably as opposed to a turbulent flow [41]. The behaviors of fluids and suspensions in 
microfluidic systems, such as product distribution of chemical reactions and particles 
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trajectories due to external force field, can be analyzed theoretically or simulated 
numerically with a high degree of accuracy. It offers great prospects for evaluating the 
performance of the integrated microfluidic systems.  
Microfluidics is based on the continuum hypothesis, in which a fluid is not treated 
as individual molecules due to very large fluctuation. Instead large numbers of molecules 
are blocked together to form a fluid particle. Typically, the fluid particle is cubic with a 
side length of about 10 nm and contains about approximately 4×10
4 
molecules [42]. The 
continuum hypothesis fails when the fluid system approaches molecular scale, resulting 
in nanofluidics such as liquid transport through nano-pores within cell membranes.  
The Navier-Stokes equation is important governing equation, which is derived 
from Newton’s second law: 
m a F                                                              (2) 
This equation can be expressed with the time-derivative of the velocity and the sum of 
several different external forces: 
j
j
d
m
dt
v F=                                                         (3) 
It is divided by the volume of the fluid particle because the equation is used for the fluid 
particle, not the individual molecule based on continuum hypothesis. This leaves the 
density, ρ instead of the mass, m, and the force densities, fj instead of the force, Fj as 
following:  
j
j
d
f
dt
 v =                                                            (4) 
Since Eulerian velocity field, v(r, t) used in Newton’s second law is not for the velocity 
of any particular fluid particle, the material time-derivative, ( )t tD    v based on 
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Lagrangian description is introduced to Equation (4) for a physically correct equation of 
motion: 
( ) j
j
f
t

 
   
v v v =                                                (5) 
Typically, three external forces are taken into account including the gravitational force 
density ( g ), the pressure force density ( p ), and the viscous force density (
2 v ). 
As a result, the Navier-Stokes equation for incompressible fluids such as watery solutions 
becomes: 
2( ) p
t
  
 
      
v v v g v=                                        (6) 
The left term refers to the inertial acceleration and the right term includes viscous forces. 
When the inertial forces are very small compared to the viscous forces in microfluidics, 
for instance Re << 1, the inertial term can be neglected resulting in the Stokes equation: 
20 p   g v=                                                     (7) 
The extensive derivation of the governing equations in microfluidics has been discussed 
in the reference [42]. 
 
2.2. Microfluidic Channel Materials 
The choice of materials is critical for microfluidic devices and systems. Silicon is 
typical material used for fabrication of microfluidic channels because it is very common 
material in MEMS industry due to its compatibility with complementary metal oxide 
semiconductor (CMOS) technology. In addition, silicon has excellent chemical resistance 
and good mechanical properties [43]. However, silicon is a relatively expensive material, 
needs high-cost manufacturing processes and is not transparent conflicting with optical 
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characterization. The silicon-based microfluidic channel is fabricated using anisotropic 
wet etching or deep reactive ion etching (DRIE), resulting in vertical flat sidewalls as 
shown in Figure 1. Further information on anisotropic wet etching and DRIE on silicon 
substrate can be found in the literature [44, 45]. 
 
 
Figure 1. Scanning electron microscopy (SEM) images showing the cross section of the 
silicon channel anisotropically etched [46]. 
 
Glass is an alternative material for microfluidic channel as it has several attractive 
properties including hydrophilic surface properties, transparency in the visual range, and 
electrical insulation [46]. However, glass has disadvantages such as high-cost, opacity in 
UV range, and limited integration capability with other materials. Isotropic wet etching is 
commonly used to fabricate the glass-based microfluidic channel as shown in Figure 2. 
Isotropic wet etching techniques on glass substrate have been widely reported [47, 48].  
 Recently, polymers have been investigated as popular and promising materials for 
microfluidic channels because the use of polymer materials has many advantages over 
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silicon and glass. Polymers can be used for mass production using soft lithography, hot 
embossing, and injection-molding techniques. This capability of mass production could 
lead the commercialization of LOC systems. In addition, polymers feature inexpensive, 
transparent in visible/UV ranges, easily molded, and modified easily to surface properties 
[49, 50]. However, it has low thermal stability and low thermal/electrical conductivity. 
Different kinds of polymers have been used as microfluidic channel materials including 
polystyrene [51], polyimides [52], polycarbonate [53], polymethymethacrylate (PMMA) 
[54, 55] and polydimethylsiloxane (PDMS) [56–58]. Among them, PDMS is the most 
widely used and popular polymer material for microfluidic channel. PDMS microfluidic 
channel can be fabricated using soft lithography replica molding technique as shown in 
Figure 3. A more detail studies of PDMS materials in acoustic-based microfluidics will 
be discussed in Chapter 6.  
 
 
Figure 2. Scanning electron microscopy (SEM) images showing the cross section of the 
glass (borosilicate) channel isotropiclly etched [46]. 
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Figure 3. Scanning electron microscopy (SEM) images showing the cross section of the 
PDMS channel after curing on a replication master [59]. 
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CHAPTER 3. ACOUSTICS 
 
Acoustics is the interdisciplinary science that deals with the generation, 
propagation, and reception of waves in solids, liquids and gases. The scope of acoustics 
has extended from sound which can be detected by the human ear to infrasound and 
ultrasound which have very lower and higher frequencies, respectively. Thus, acoustics 
covers a wide range of fields, such as structural vibration, seismology, underwater sound, 
psychoacoustics, music, noise control, bioacoustics, medical imaging, and electroacoustic 
communication [60].  
There is a wide range of frequencies in acoustics. The most important frequency 
range for the acoustic-based devices is the ultrasound, which is defined as above 20 kHz. 
It expands to several GHz called the hypersonic regime. Many applications of the 
ultrasonic waves have been developed for acoustic sensors, nondestructive evaluation 
(NDE), acoustic microscopy, and medical imaging. Generally, most of the applications in 
acoustofluidics take place in the range of 1 to 100 MHz, corresponding to wavelengths of 
the order of 3 mm to 30 μm with 1500 m/s of the sound velocity in water [61, 62]. Also, 
the frequency ranges with 20 kHz to 20 MHz are used for biological and medical 
applications including drug delivery, cell and tissue engineering, and diagnostics as can 
be seen in Figure 4.  
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     Figure 4. Ultrasound frequencies used for biological and medical applications [63]. 
 
3.1. Piezoelectricity 
There are many different methods for generating ultrasonic waves, such as 
piezoelectricity, magnetostriction, electrostriction, electromagnetic, and laser generation 
[64]. The piezoelectricity is most widely used in the excitation of ultrasonic waves in 
acoustic-based microfluidic devices because of its advantages, such as the highly 
repeatable production of complex shape and frequency content waves, the availability of 
programmable signal generators, and excitation of different modes of waves. Also, 
piezoelectric transduction offers large forces with small strain rates for actuation as well 
as relatively large voltages and small currents for sensing, compared to other methods [61, 
65].  
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The piezoelectricity is the coupling between mechanical variables and electrical 
variables in crystals as shown in Figure 5. There are two types of piezoelectric effects. 
The direct piezoelectric effect is the generation of electric displacement by applying a 
mechanical stress to a crystal, while the converse piezoelectric effect is the production of 
mechanical strain in the crystal induced by applying an electric field. These piezoelectric 
effects are mainly connected to the crystal structure of a material. The crystal must lack a 
center of symmetry (inversion center) to be piezoelectric; therefore piezoelectric 
materials exhibit strong anisotropy in mechanical and electrical properties [66]. The 
piezoelectric materials will be discussed in detail in the next section.  
 
 
        Figure 5. Relations among mechanical and electrical variables for a crystal [67]. 
 
The coupling between two mechanical variables (strain (S) and stress (T) shown 
in Figure 5) and two electric variables (displacement (D) and field (E) shown in Figure 5) 
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can be accounted for by an appropriate modification to the elastic relation and the 
electromagnetic relation [44, 61],  
E
ij ijkl kl kij kT c S e E                                                       (8) 
S
i ikl kl ik kD e S E                                                        (9) 
where Eijklc  are the elastic stiffness constants at a constant electric field, kije  are the 
components of the piezoelectric stress tensor, and S
ik  are the relative permittivity 
constant, formerly called the dielectric constant, at constant strain. These equations are 
known as the piezoelectric constitutive relations. Equation (8) is an extension of Hooke’s 
law which illustrates the relation between stress and strain in a material. The electric field 
generates an additional mechanical stress as indicated with an additional term in the 
equation. Similarly, the converse effect also produces an additional term in the electric 
displacement relation as shown in Equation (9).  
 
3.2. Piezoelectric Materials 
 As discussed in the previous section, all piezoelectric materials are anisotropic 
and non-centrosymmetric. Crystals are optically isotropic, but they are anisotropic with 
respect to elasticity. Among 32 crystal classes corresponding to the crystallographic point 
groups, 11 classes are centrosymmetric, and accordingly non-piezoelectric. In the 
remaining 21 non-centrosymmetric crystal classes, 20 are piezoelectric, including single 
crystals, polycrystalline ceramics, and polymers [68].  
 The traditional piezoelectric materials for generating mechanical energy are 
tourmaline, quartz, lithium niobate, zinc oxide, and PZT (Lead zirconate titanate). Of 
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these materials, PZT was the commonly and widely used as functional ceramics in sensor, 
transducers and actuators, because it has high dielectric constant, which offers strong 
mechanical energy output. However, as biological and biomedical applications of 
piezoelectric materials emerged, the use of lead-containing piezoelectric materials, such 
as PZT and PMN-PT are gradually being restricted due to the toxicity of lead [69]. Thus, 
various lead-free piezoelectric materials are being investigated for biological and 
biomedical applications. Especially, lead-free piezoelectric materials including lithium 
niobate, lithium tantalite, zinc oxide, polypyrrole, and polyvinylidene fluoride are used in 
microfluidics due to their fast response and large force transmission [61].   
 The selection of piezoelectric materials based on the application field should 
consider specific material properties including electromechanical coupling coefficient, 
acoustic velocity, and temperature coefficient of delay. The electromechanical coefficient 
(k
2
) describes how much of the electrical energy applied is converted into mechanical 
energy: 
2
2
E T
d
k
s 
                                                           (10) 
where d is the piezoelectric strain coefficient, s is the mechanical compliance, and ε is the 
dielectric constant. A high electromechanical coupling coefficient is advantageous for 
high acoustic reflection, resulting in decrease of the insertion loss of device. The low 
coupling coefficient limits the relative bandwidth [70]. Acoustic wave velocity (Vw) of 
piezoelectric materials is determined by the mechanical properties, such as shear modulus, 
density, and conductivity [71]. A higher acoustic velocity of piezoelectric substrate 
causes a higher frequency operation. The operation of high frequency is critical for higher 
mass sensitivity. All piezoelectric materials expand and contract due to heat. These 
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behaviors often cause the changes of other properties, such as shear modulus and density. 
This temperature effect is connected to the temperature coefficient of delay (TCD), 
indicating the change in acoustic velocity due to temperature variation. TCD properties 
should be minimized for sensing application [72].      
 The type of acoustic wave generated in a piezoelectric material is mainly 
determined by the acoustic wave guiding process, the substrate material properties, and 
the crystal cut. Generally, acoustic wave can be classified into three types based on the 
acoustic wave guiding process; bulk acoustic wave (BAW), surface acoustic wave 
(SAW), and acoustic plate mode (APM) [73]. BAW propagates unguided through the 
volume of the substrate, SAW travels guided or unguided along the surface of the 
substrate, and APM is guided by reflection from two surfaces of the surfaces. Of these 
acoustic waves, SAW-based devices have been widely used for applications of 
acoustofluidics because BAW is limited to the use of high frequency and APM is difficult 
to operate in a standard oscillator circuit [74]. The extensive types of acoustic waves 
based on the substrate material properties and the crystal cut have been reported in 
references [75–77].          
 The piezoelectric materials commonly used for generating SAW are quartz (SiO2), 
lithium niobate (LiNbO3), and lithium tantalite (LiTaO3). Table 1 shows the properties of 
these material cuts. Quartz has great temperature stability due to zero temperature 
coefficient of delay (TCD), but very low electromechanical coefficient (k
2
). This low k
2
 
of quartz limits the relative bandwidth due to low acoustic reflection. The k
2
 values of 
lithium niobate and lithium tantalite are much larger than that of quartz, hence these 
materials are applicable for low loss and wide band applications. Since lithium niobate 
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and lithium tantalite have very large TCD, they are thermally quite fragile, but can be 
used exceptionally well as temperature sensors.  
Table 1. Properties of commonly used piezoelectric materials for generating SAW; (Cut 
orientation indicates the crystal orientation of the substrate surface to normal, Prop 
orientation indicates the crystal orientation of the wave propagation direction). 
 
Material 
Orientation 
Vw  
(m/s) 
k
2
  
(%) 
TCD 
(ppm/
o
C) 
Cut Prop 
Quartz 
ST X 3158 0.1 0 
37
o
 rot Y 90
o
 rot X 5094 0.1 0 
LiNbO3 
Y Z 3488 4.1 94 
41
o
 rot Y X 4750 15.8 69 
128
o
 rot Y X 3980 5.5 75 
LiTaO3 
36
o
 rot Y X 4220 6.6 30 
X 112
o
 rot Y 3301 0.88 18 
 
 
3.3. Surface Acoustic Wave 
 Surface acoustic wave (SAW) was first introduced by Lord Rayleigh at the end of 
the 19th century who treated the problem of acoustic wave propagation along the surface 
of a semi-infinite isotropic medium [78]. SAWs are also called and known as Rayleigh 
waves. Surface acoustic wave is a coupled wave of the longitudinal wave and the shear 
wave which has normal displacement component to a boundary. Figure 6 shows the 
travel of surface acoustic wave through a medium. Small cubes in the figure represent 
particles in a medium. The surface acoustic waves travel along the surface with elliptical 
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particle motion in the plane in planes normal to the surface and parallel to the 
propagation direction. The amplitude of the particle displacement decreases exponentially 
with depth below the material surface, resulting in hardly any motion at deeper than one 
acoustic wavelength. As most acoustic wave energy is strongly confined within one 
wavelength normal to the substrate surface, the energy density of SAW is very high and 
SAW devices are highly sensitive to changes in the surface and environment [79, 80].  
 
 
    Figure 6. The travel of surface acoustic wave (Rayleigh wave) through a medium [79]. 
 
 Surface acoustic wave is more widely applied for acoustic-based microfluidic 
devices as compared to bulk acoustic wave (BAW) due to many advantages: SAW-based 
devices dissipate less energy in the microfluidic structure because the SAW energy is 
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inherently confined to the substrate surface before reaching into the chamber. Also, SAW 
is capable of very high frequency content and does not need high resonance chamber for 
providing acoustic forces [81].  
 There are many methods for producing surface acoustic wave including wedge 
coupling transducer [82], periodic transducer array [83], and interdigital transducer [84, 
85]. Of these methods, the interdigital transducer (IDT) is most commonly used for 
excitation and detection of surface acoustic waves. The IDT is composed of a pair of 
metal comb-shaped electrodes patterned onto the piezoelectric substrate. Figure 7 
illustrates the top view of a single-electrode-type IDT.  
 
 
                 Figure 7. Top view of a single-electrode-type interdigital transducer. 
  
 A voltage applied between the pair of electrodes generates an electric field in the 
piezoelectric substrate, and then it excites a strain of the substrate by piezoelectric effect. 
The spatial periodic pattern of the electrodes generates travelling acoustic waves along 
20 
 
the surface of the substrate due to the periodic strain field, resulting in the surface 
acoustic wave. The response is most efficient when the period of the electrodes is equal 
to the acoustic wavelength (λ) in the substrate as seen in Figure 7. The electrode finger 
width is the same as the finger spacing in the most commonly used single-electrode-type 
IDT. Thus, the acoustic wavelength is four times the electrode finger width.  
 There are important design parameters of IDT for SAW-based devices including 
operating frequency, metal thickness of electrode fingers, number of electrode fingers, 
and acoustic aperture. The operating frequency, f of the IDT is determined by the acoustic 
wavelength (λ) and the SAW velocity on the selected piezoelectric substrate (VSAW):  
SAWVf

                                                             (11) 
When the operating frequency is increased, the sensitivity of the device also increases 
[66]. To accomplish higher operating frequency, the piezoelectric substrate having larger 
SAW velocity is selected or the acoustic wavelength is decreased by reducing the 
periodicity of the IDT fingers.        
 The deposited metal thickness of IDT fingers could affect the SAW-based device 
operation. Thicker IDT fingers offer an excellent electrical contact with lower resistance, 
while thinner IDT fingers cause large circuit loading and insertion loss due to higher 
resistance [86]. However, if the IDT fingers are too thick, the impedance to the 
transmission of the acoustic wave increases, resulting in reduction of the operating 
frequency due to decrease of SAW velocity below the IDT fingers. Typically, a deposited 
metal thickness of 500–2000 Å  is recommended [86, 66].     
 The number of electrode fingers in the IDT influences the quality factor of the 
resulting oscillator. The amplitude of the frequency response increases with the number 
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of electrode fingers, resulting in the aid to circuit oscillation with higher stability and 
lower oscillator noise [66]. However, as increasing the number of electrode fingers, the 
negative effects of the mass loading and increased reflectivity are also emerged.  Previous 
studies have suggested the number of electrode finger in the IDT of the range of 50–100 
for efficient performance of SAW devices [87–89].      
 The acoustic aperture is the length of overlap of the IDT finger pairs. It has a 
similar function as in optical lenses. Typically, longer acoustic aperture in relation to 
acoustic wavelength (λ) leads to more focused wave travel. The only requirement is that 
the acoustic aperture should be at least 30 λ to ensure parallel wavefronts [66]. A wide 
range of acoustic apertures from 30 to 100 λ are used in the previous studies [90–93].  
 
3.4. Acoustic Radiation Force and Acoustic Streaming 
 In the field of acoustofluidics, there are two key parameters for the use of 
acoustics in fluids, namely the acoustic radiation force and the acoustic streaming. The 
acoustic radiation force depends on momentum transfer from the acoustic wave to the 
suspended particle, resulting in a translational movement of the particle relative to the 
fluid. On the other hand, the acoustic streaming depends on momentum transfer from the 
acoustic wave to the fluid. 
 Acoustic radiation force was described first in 1866 by Kundt and Lehman [94], 
and studied for incompressible particles in 1934 by King [95] and for compressible 
particles in 1955 by Yosioka and Kawasima [96]. The acoustic radiation force is time-
averaged force acting on particles or cells suspended in a fluid when they are subjected to 
an acoustic wave field. The acoustic radiation force originates from the non-linearity of 
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the scattering acoustic wave on the particles. An acoustic discontinuity causes a local 
distortion, resulting in a time averaged pressure difference on the surface of the particle 
that governs the motion of the particle in the fluid. Thus, the acoustic radiation force is 
commonly used for acoustic particle and cell handling in microfluidic systems. A more 
detail studies of the acoustic radiation force for particle and cell separation will be 
presented in Chapter 4.  
 Acoustic streaming was analyzed with theoretical model first in 1884 by Rayleigh 
[97]. Acoustic streaming is time-averaged motion of the entire carrier fluid due to the 
oscillatory acoustic field in the medium, and originates either from bulk attenuation of a 
traveling acoustic wave or by interaction between an acoustic wave and a solid boundary. 
The magnitude and pattern of acoustic streaming is affected by the geometry of 
resonance cavity, such as a microchannel or microchamber [98]. The tip of the sharp 
structure causes localized streaming vortices. Sharp edges should be avoided in 
microfluidic systems as streaming is minimized. The acoustic streaming offers distinct 
benefits in microfluidic applications, such as trapping of small particles [99], micro-
pumps for liquids [100], and the active mixing in highly laminar fluid flow [101]. The 
application of the acoustic streaming for fluid mixing in microfluidic systems will be 
discussed in detail at Chapter 5.  
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CHAPTER 4. SURFACE ACOUSTIC WAVE-BASED SEPARATION 
 
Note to Reader  
The manuscript and the results presented in this chapter have been previously 
published [102, 103] and are utilized with permission of the publisher. 
 
4.1. Introduction 
 To date various techniques for particle or cell separation have been studied. 
Particle or cell separation techniques can be classified as active and passive separation 
based on the fundamental separation principles. Active techniques rely on an external 
force field for functionality, such as magnetic field [104, 105], dielectric field [106, 107], 
acoustic field [108, 109], and optical field [110, 111]. On the other hand, passive 
techniques depend entirely on the channel geometry and inherent hydrodynamic forces 
for functionality, such as hydrodynamic filtration [112, 113], deterministic lateral 
displacement [114, 115], pinched flow fractionation [116, 117],
 
and inertial [118, 119].  
 However, the separation criteria for most these techniques is particle size, thus 
separation of same-size particles with different densities cannot be accomplished. There 
have been some density-based separation studies using passive techniques [120–122]. 
However, they require the use of the medium with density gradient, very accurate flow 
rate control, relatively long time, and complex channel configuration. Thus, a simple, 
versatile, and high throughput system achieving continuous density-based separation is 
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needed. Among the active separation techniques, only the acoustic-based method can 
separate particles based on not only density differences but also size differences, as the 
acoustic radiation force depends on the volume of particle as well as the relative density 
of particle and medium. 
 When particles in a medium are subjected to an acoustic wave field, they 
experience pressure gradients. These pressure gradients can be used to manipulate 
suspended particles [123–125]. The acoustic-based method is an ideal particle or cell 
manipulation method for lab-on-a-chip devices, since this label-free method features low 
manufacturing cost, non-invasive nature, ability to separate a vast number of particles, 
and fast response time. Recent studies demonstrated the separation and manipulation of 
particles in microchannels using bulk acoustic waves (BAW) generated by substrate-
bonded bulk transducers [126, 127]. However, the generation of bulk acoustic waves 
requires a high acoustic reflection coefficient of the microfluidic channel material. This 
requirement makes the bulk acoustic wave approach not applicable to many microfluidic 
devices that utilize commonly used materials with poor acoustic reflection such as 
polydimethylsiloxane (PDMS) [128]. Furthermore, since bulky commercial transducers 
are employed to generate acoustic waves, it conflicts with miniaturization and integration 
efforts.  
To alleviate these shortcomings, surface acoustic wave (SAW) based techniques 
have been investigated owing to their low propagation loss, high sensitivity to the surface 
modification, low power consumption, and facile integration into microfluidic networks. 
One concern about the acoustic based separation technology is that the mechanical forces 
generated by the acoustic waves may potentially damage cells. However, since the 
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operating frequencies of SAW separation devices (tens of MHz) correspond to time 
scales smaller than the molecular relaxation time and certainly any relaxation time of the 
cellular structures, there is no shear damage with these high frequency devices [129, 130]. 
 SAW devices have been investigated in wide variety of applications including 
fluid-mixing [131, 132], fluid-pumping [133, 134], particle focusing [135, 136], and 
particle sorting/collection [137, 138] in microchannels. Recently, standing SAW, 
generated by a pair of interdigitated microelectrodes on a piezoelectric substrate, have 
been demonstrated to separate polystyrene microparticles [139, 140]. The technique of 
using SAW that travel along the substrate surface works with any microchannel material 
and can be incorporated easily into a multi-functional device design due to its simplicity.  
However, current state-of-the-art SAW based particle separation platform 
employs two external sheath flows to divide particle mixture streams as well as to prevent 
trapping and aggregating along the sidewall of the channel [139–141]. Introducing sheath 
flow to a microchannel has several fundamental disadvantages, such as dilution of the 
analyte by the sheath liquid, need for accurate flow control between sample and sheath 
flow, complicated structure in order to create sheath flow, and separation efficiency 
strongly depending on the sheath liquid composition [142]. Previous studies have 
investigated sheathless 3D particle focusing [136] and pattering acting as acoustic 
tweezers [143] using SSAW without any particle/cell separation capability. As a result, 
currently there is no report of SAW based particle separation technique without using any 
external sheath flow as well as of density-dependent particle separation using SAW. In 
this chapter, the sheathless microfluidic platform for size-based and density-based 
particle separation using SAW is presented.  
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4.2. Materials and Methods 
4.2.1. Working Principle 
When a particle suspended in a medium is subjected to an acoustic field, the 
acoustic force acting on the particle can be expressed as [144], 
2( )
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where P, Vp, λ, ρ, β, k, x are the acoustic pressure amplitude, particle volume, wavelength, 
density, compressibility, wave number, and the distance from the pressure node 
respectively. The subscripts of p and m denote particle and liquid medium, respectively. 
When particles are subjected to the acoustic forces, the direction of the particle 
movement in the SAW field is determined by acoustic contrast factor (ϕ): If ϕ > 0, the 
particles will be attracted to the pressure node; if ϕ < 0, particles will move to the 
pressure anti-node. In general, most solid particles including cells suspended in an 
aqueous medium have positive acoustic contrast factor and they move towards pressure 
nodes [128]. 
 Figure 8 shows the design concept and working mechanism of the SAW-based 
microfluidic platform for size-dependent particle separation. Two identical interdigital 
transducers (IDTs) are fabricated on a piezoelectric substrate, and a microfluidic channel 
is aligned between the IDTs. When the two IDTs are stimulated with RF signals of equal 
amplitude, two series of surface acoustic waves (SAWs) propagate in opposite directions 
toward the particle solution inside the microfluidic channel. The constructive interference 
of the two SAWs forms a standing SAW that generates a periodic distribution of pressure 
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nodes (minimum pressure amplitude) and anti-nodes (maximum pressure amplitude) 
inside the microfluidic channel. When the SAW reach the liquid medium inside the 
microfluidic channel, they are converted to leakage waves causing pressure fluctuations 
in the medium. These pressure fluctuations result in acoustic forces that act laterally on 
the particles. As a result, the suspended particles inside the microfluidic channel will be 
forced toward the pressure nodes in the SAW field.   
The first stage uses a relatively narrow microfluidic channel to align particles at 
the center of the channel without introducing any external sheath flow. In the first stage, 
the width of the microfluidic channel (W1) is chosen to be the half-wavelength (λ1/2) of 
the SAW so that the microfluidic channel contains only one pressure node located in the 
center of the channel. Thus, particles will aggregate at the center-line of the microfluidic 
channel by the time they reach the end of the first stage microchannel.  
In the second stage, a wider channel (W2) that has a width of one-wavelength of 
the SAW (λ2), so that two off-center pressure nodes exist in the channel. Suspended 
particles enter the second stage channel at the anti-node. Thus the acoustic forces will 
move particles towards the pressure nodes. As shown in the equation (12), since the 
strength of the acoustic force on a particle is proportional to its volume, bigger particles 
are subjected to larger acoustic forces. That means the lateral displacements of the 
particles induced by the acoustic forces are strongly dependent on the particle size. The 
bigger particles will move to the pressure nodes located near side walls with larger lateral 
displacement along the x-direction, whereas smaller particles remain in the near center 
stream during a given relatively short SAW exposure time due to the difference in 
magnitude of acoustic forces. Therefore the particles can be separated by their sizes. It is 
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important note that the SAW exposure time can be adjusted by changing the flow rate 
and the applied power.  
 
 
Figure 8. Working mechanism of SAW-based sheathless size-dependent particle 
separation (Note that the figure is not drawn to scale). The first stage aligns the particles 
on the center line of the microfluidic channel, while the second stage separates them 
according to their sizes. 
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For the investigation of density-based separation capability of the sheathless 
microfluidic platform, two separate functions are incorporated in a single constant-width 
microfluidic channel for a simpler and more efficient integrated device with judiciously 
shifting the location of IDT pairs (along x-direction in Figure 9) by quarter of the 
operation wavelength with respect to each other. As similar to size-based separation work, 
the first function is to align particles at the center of the microfluidic channel without 
adding any sheath flow. The second is to separate particles according to their densities. 
The microchannel width, SAW wavelength, and position of the IDTs pairs are designed 
so that only one pressure node occurs at the center of the channel in the first SAW field, 
while the two pressure nodes are located at the side walls of the channel in the second 
SAW field. The strength of the acoustic radiation force depends on the relative density of 
particle and medium as described in Eq. (12) and (13); thus, higher density particles are 
subjected to larger acoustic forces.  
When entering the first SAW field, all particles are collected at the pressure node 
in the center of the channel through relatively long SAW exposure time. After aligned in 
the first SAW field, the high-density particles move towards pressure nodes located at the 
two side walls with larger lateral displacement along the x-direction, whereas low-density 
particles remain in the near center stream during a given relatively short SAW exposure 
time due to the difference in magnitude of acoustic forces. The particles stay in the 
defined positions even after the acoustic force field is removed as the flow is laminar in 
the microfluidic channel. As a result, different-density particles accumulate into multiple 
collection outlets, as illustrated schematically in Figure 9.  
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Figure 9. Concept view of sheathless density-based particle separation using SAW (Note 
that the figure is not drawn to scale). The first SAW field aligns the particles at the center 
of the microchannel, while the second SAW field separates them according to their 
densities (red color = high-density particles [two side outlets], green color = low-density 
particles [center outlet]). 
 
4.2.2. Theoretical Analysis 
 As shown in Figure 10, when a particle suspended in a medium is subjected to an 
acoustic field, four different forces act on a particle: lateral acoustic force (along the X-
axis), viscous drag force (opposite to the direction of particles’ velocity relative to fluid 
flow), gravity force (along the Z-axis downward), and buoyant force (along the Z-axis 
upward). The theoretically calculated magnitude of these forces as a function of particle 
size at the present experimental parameters (ρ=1.05 g/cm3 and β=2.46×10−10 Pa−1 for 
31 
 
polystyrene particles, ρ=1.0 g/cm3 and β=4.58×10−10 Pa−1 for DI-water medium, SAW 
wavelength: 300 μm, input power: 0.5 W, flow rate: 0.5 μl/min) is illustrated in Figure 11. 
Based on the Stokes’ law, the particle velocity relative to the fluid was used with the 
reference value of 1 μm/s for calculating the viscous drag force for a very small Reynolds 
number flow [143]. It can be observed that the gravitational and buoyant forces are 
balanced with similar magnitudes and opposite directions. Since the viscous force is 
proportional to the radius of the particles (r) while the acoustic force is proportional to 
the volume (r
3
) of the particles, the acoustic forces are generally dominant in the case of 
larger particles. However, when the diameter of the particles is less than about 0.3 μm, 
the acoustic forces are smaller than the viscous forces. In this case, the size-dependent 
separation may not be achieved by acoustic radiation forces.  
 
Figure 10. A schematic diagram showing all forces acting on a particle when a particle 
suspended in a medium is subjected to an acoustic field. Note that acoustic force is only 
shown along lateral direction (along the X-axis) in the figure although acoustic force may 
act on a particle in three-dimensional direction. 
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Figure 11. Theoretical analysis of forces acting on a particle as a function of particle size. 
 
 Figure 12 shows the acoustic force distribution as a function of particle size 
within the microfluidic channel. The acoustic forces were represented by Equations (12) 
and (13) under the one of real experiment conditions (ρ=1.05 g/cm3 and β=2.46×10−10 
Pa
−1
 for polystyrene particles, ρ=1.0 g/cm3 and β=4.58×10−10 Pa−1 for DI-water medium, 
SAW wavelength: 300 μm, input power: 1 W). The results show that the acoustic forces 
change sinusoidally and are equal to zero at the wave crest, wave trough and nodal plane. 
Especially, as the particle diameter is reduced, the acoustic force decreases very rapidly. 
The peak value of the acoustic force of 10 μm particle is 191 pN, while that of 3 μm 
particle is only 5 pN. Since the particle displacements induced by acoustic forces are 
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strongly dependent on the particle size, the larger particles are moved to the pressure 
nodes, whereas smaller particles remain in the center stream at a given SAW working 
time. 
 
       Figure 12. The distribution of acoustic radiation forces within the microchannel. 
 
 The time required for the particle migration toward the pressure node can be 
theoretically predicted by using the balance between the acoustic radiation force and the 
viscous drag force acting on a particle [139, 143]: 
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where μ, r, v, P0, Vp, λ, ρ, βm, k, x are the viscosity of the medium, particle radius, relative 
velocity between the particle and the medium, acoustic pressure amplitude, particle 
volume, wavelength, density, compressibility, wave number, and the distance from the 
pressure node respectively. Based on equation (14), the relative velocity can be expressed 
as following: 
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By rewriting with v = -dx/dt and separation variables, 
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From the equation (16), the time required for a particle to reach the pressure node was 
derived as following: 
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where, x1 and x2 are the initial position and the final position of the particle, respectively. 
The acoustic pressure amplitude (P0) was determined from 
0 /P PZ A                                                           (18) 
where P, A, and Z (= ρ×c) are the input power, SAW working area, acoustic impedance, 
density of the substrate , and wave propagation velocity of the substrate, respectively.  
 Figure 13 shows the time required for the particle migration toward the pressure 
node with varying the diameters of the particles. As expected, the larger particle moves to 
the pressure node faster than the smaller particle (for instance, 3μm: 1.81 s, 5μm:  0.65 s, 
10μm: 0.16 s). Based on these predictions, the length of the microchannel in each stage 
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can be determined. The channel length of the first stage should be long enough so that all 
particles can reach the pressure node at the center of the channel, while the channel 
length of the second stage should be relatively short so that only larger particle move to 
the pressure nodes. It is important to note that the actual migration time of the particles 
toward the pressure node can also be readily adjusted by tuning the input power and the 
flow rate during the experiments. 
 
Figure 13. Time required for the particle migration toward the pressure node as a function 
of particle size. 
 
4.2.3. Device Design and Fabrication 
 The design parameters of the two stages SAW-based microfluidic device for size-
dependent particle separation are presented in Table 2. The SAW wavelength, the IDT 
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finger pitch, and finger width were chosen as 300 μm, 300 μm, and 75 μm, respectively. 
The channel width of the first stage was 150 μm, half of the SAW wavelength, to contain 
only one pressure node in the center of the channel. On the other hand, the second stage 
width was 300 μm, the same as SAW wavelength, to have two pressure nodes in the 
channel. The operating frequency of the SAW is determined by the ratio of the SAW 
velocity (VSAW) on the substrate and SAW wavelength (λ); f = VSAW/λ. With the SAW 
velocity 3,970 m/s for the chosen SAW direction on the substrate, the operating 
frequency is 13.2 MHz.  
Table 2. Design parameters used for two stages SAW-based microfluidic device for size-
dependent particle separation.  
 
Wavelength (λ) 300 μm 
First stage  
channel width 
150 μm 
IDT finger width 75 μm 
Second stage 
channel width 
300 μm 
IDT finger pitch 150 μm Channel height 100 μm 
IDT finger pairs 20 pairs Operating frequency 13.2 MHz 
 
 Nam et al. have reported that the pressure nodes would appear in the two-
dimensional plane along the axial flow in a microchannel as the direction of SAW is 
perpendicular to the axial flow direction [140]. Such two-dimensional particle 
distribution would be dependent on the channel height or aspect ratio (H/W) of channel. 
For a channel with low aspect ratio, the flow velocity is practically uniform over the 
channel width except near the edges, while having a parabolic profile over the shorter 
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dimension [145]. Thus, thin rectangular channel would be more efficient for applying 
SAWs on particles. As a result, the microchannel height is chosen as 100 μm ensuring a 
low aspect ratio (1st stage: H/W = 0.66, 2nd stage: H/W = 0.33) for increased separation 
efficiency. 
 The sheathless SAW-based particle separator was realized by three consecutive 
fabrication steps: the fabrication of IDTs on a substrate, the fabrication of the PDMS 
microfluidic channel, and the bonding of the PDMS microchannel to the substrate 
containing IDTs. Figure 14 shows the fabrication process flow of the present sheathless 
SAW-based particle separator. For the fabrication of the IDT substrate, a two-side 
polished Y + 128° X-propagation lithium niobate (LiNbO3) wafer was used due to its 
excellent optical properties in the visible spectrum and its high electromechanical 
coupling coefficients. The wafer was first pre-cleaned by rinsing with acetone, methanol 
and de-ionized water. A 100 nm thick chrome layer was then deposited on the lithium 
niobate wafer using CRC sputtering system (Torr International, New Windsor, NY, USA). 
The lithium niobate wafer was then spun with 1.6 μm-thick photoresist (S1813, Shipley, 
Marlborough, MA, USA) at 3,000 rpm for 40 s, and soft baking of the photoresist was 
performed on a hot plate at 100 °C for 1 min. The wafer was patterned with a UV light 
source with an exposure dose of 125 mJ/cm
2
 and developed in a photoresist developer 
(MF 319, Shipley) for 70 s. After hard baking was performed on a hot plate at 115 °C for 
5 min, the chrome layer was etched using chrome etchant (CR-7S, Cyantek, Fremont, CA, 
USA). Finally, the photoresist was removed by the photoresist remover. Each IDT 
consisted of 20 finger pairs with 150 μm finger pitch and 75 μm finger width. The 
fabricated IDTs on the lithium niobate substrate are shown in Figure 15(a). 
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 The microfluidic channel was fabricated using soft lithography replica molding 
technique. To obtain 100 μm thick mold layer, negative photoresist (SU-8 2075, 
MicroChem, Newton, MA, USA) was spun onto the silicon wafer at 500 rpm for 10 s 
with acceleration of 100 rpm/s to spread out the photoresist, then at 2,000 rpm for 30 s 
with acceleration of 300 rpm/s. The wafer was then soft baked for 5 min at 65 °C and 20 
min at 95 °C. The wafer was then patterned with a UV light source with an exposure dose 
of 240 mJ/cm
2
 and post exposure baking was performed directly after exposure for 5 min 
at 65 °C and 10 min at 95 °C. After developed in the SU-8 developer for 10 min, the 
wafer was hard baked for 5 min at 150 °C. The uniformity of the SU-8 mold height was 
confirmed using a surface profilometer. The PDMS oligomer and crosslinking 
prepolymer of the PDMS agent from a Sylgard™ 184 kit (Dow Corning, Midland, MI, 
USA) was mixed in a weight ratio of 10:1, poured onto the SU-8 mold, and then cured at 
room temperature for 24 h to prevent PDMS shrinking due to heat. After the PDMS 
replica was peeled off from the mold, the inlets and outlets were generated using 20-
gauge needle. The fabricated microchannel mold is shown in Figure 15(b). For bonding 
the PDMS microchannel to the substrate containing IDTs, oxygen plasma (1 min at 20 
sccm oxygen flow rate, 500 mTorr chamber pressure, and 100 W power) was used to 
activate both surfaces. After ethanol, acting as a lubricant, was dropped on the surface of 
IDT substrate, alignment of the PDMS microchannel and IDT substrate was conducted. 
Figure 15(c) shows a complete sheathless two stage acoustic particle separator for size-
dependent separation including the PDMS microchannel and IDT substrate. 
39 
 
 
 Figure 14. Fabrication process flow of sheathless acoustic particle separator using SAW. 
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Figure 15. (a) Fabricated IDTs patterned on a lithium niobate wafer; (b) Fabricated SU-8 
microfluidic channel mold; (c) Completed sheathless two stage acoustic particle separator 
for size-dependent separation.  
 
 As discussed in Chapter 4.2.1, new sheathless acoustic particle separator with 
constant-width microchannel for a simpler and more efficient integrated device as 
opposed to the two-stage microchannel was designed and fabricated for density-based 
particle separation. The detailed fabrication steps of the device are same as the previous 
description for two-stage acoustic particle separator. The fabricated IDTs on the LiNbO3 
substrate for density-based particle separation are shown in Figure 16(a). Each IDT 
consisted of 20 finger pairs with 300μm finger pitch and 75μm finger width. The position 
of the each IDTs pairs was shifted by 75μm as shown in Figure 16(a), corresponding to a 
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quarter of the SAW wavelength, on the substrate so that the pressure nodes are located at 
the center of the channel in the first SAW field and at the two side walls in the second
 
SAW field. The patterned SU-8 microfluidic channel mold with constant-width is shown 
in Figure 16(b). The width and height of the microfluidic channel fabricated were 150μm 
and 80μm, respectively. Figure 16(c) shows a complete the sheathless acoustic particle 
separator using SAW for density-dependent separation.  
 
 
Figure 16. (a) Fabricated IDTs patterned on a lithium niobate wafer; (b) Fabricated SU-8 
microfluidic channel mold with constant-width; (c) Completed sheathless acoustic 
particle separator using SAW for density-dependent separation.  
 
42 
 
4.2.4. Experimental Setup 
For the size-based particle separation, first a signal generator (AFG3022B, 
Tektronix) was used to generate the low-amplitude AC signal. To increase the efficiency 
of the wave generation, then the AC signal was fed into a RF power amplifier (325LA, 
ENI) to obtain sufficient signal voltage amplitude. The amplified signal was split two 
ways to provide identical signals to the IDTs and generate SAWs propagating on the 
substrate surface. The integrated device was placed on the stage of an inverted 
microscope (IX-51, Olympus) for visualization. A mixture solution of polystyrene 
fluorescent particles (Thermo Scientific, Waltham, MA, USA) with diameters of 3 μm 
(red) and 10 μm diameter (green) was injected into the microfluidic channel by a syringe 
pump (KDS200, KD Scientific, Holliston, MA, USA). Also, for high-resolution particle 
separation experiments, a mixture solution of polystyrene fluorescent particles with 
diameters of 3 μm (red) and 5 μm (green) diameters was introduced. The high speed 
fluorescent images in the microchannel were obtained with a CCD camera (XM-10, 
Olympus) and image acquisition software (cellSens, Olympus). Each image was captured 
by using two color filter cubes—FITC-3540B (482 nm / 536 nm) and U-MWG2 (530 
nm/590 nm) —to filter a specific excitation and emission wavelength of the fluorescent 
particles. A complete experimental setup is shown in Figure 17.  
To study the effect various parameters on the separation efficiency, the input 
power range applied to the IDTs was from 250 mW to 1 W, the flow rate ranged from 0.5 
μl/min to 5 μl/min, and the concentration of each of the particles in the sample 
suspension ranged from 1% to 4% by volume. The PDMS microfluidic channel was 
responsible for the range of the power applied in the present experiments. The net power 
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applied to the IDTs to achieve particle focusing and separation depends on the SAW 
wavelength, particle size, and flow speed. Prior studies of SAW induced by IDT have 
applied similar power values to PDMS microfluidic channel for particle manipulation 
[123,135,140]. 
 
 
 Figure 17. Photograph of the experimental set-up for operating and observing the device. 
 
For the density-based particle separation, a mixture solution of fluorescent 
polystyrene (PS) particles (Thermo Scientific, Waltham, MA) and fluorescent melamine 
particles (Sigma-Aldrich, St. Louis, MO) with the same diameter (PS: 10μm ± 0.21μm, 
melamine: 10μm ± 0.15μm) and different density (PS: 1.05 g/cm3, melamine: 1.71 g/cm3) 
was introduced to the microfluidic channel by a syringe pump (KDS200, KD Scientific). 
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The concentration of the particles in the sample suspension was 1% by volume. To study 
the effect of the parameters on the separation efficiency, the net power applied to the 
IDTs varied from 0.32 W to 1.28 W and the flow rate from 0.2 μl/min to 2 μl/min. 
 
4.3. Results and Discussion 
4.3.1. Size-based Particle Separation 
 At three different locations marked as (I), (II) and (III) in Figure 18(a), the 
distribution of 3 μm and 10 μm PS particle streams was captured during the separation 
process as shown in Figure 18(b). During the experiment, the frequency, the input power, 
the flow rate, and the concentration were set to 13.2 MHz, 1 W, 0.5 μl/min, and 1% by 
volume, respectively.  
 Location (I) was before the particles entered the first stage. One can clearly 
observe that both sizes of particles were randomly scattered in the channel. When 
particles entered the first stage (location (II)), the acoustic forces acting on the particles 
aligned them at the center of the channel where pressure nodes existed. Location (III) 
coincided with the second stage of the device. As can be observed from the figure of the 
location (III), the 10 μm particles moved to the pressure nodes while the 3 μm particles 
remained in the center of the channel because the acoustic forces exerted on the 3 μm 
particles were insufficient to push them into the pressure nodes during a given short SAW 
exposure time. As a result, the larger particles were separated to the side channels and the 
smaller particles were directed to the center channel.  
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Figure 18. (a) The chosen location (I–III) in the test section for recording the fluorescent 
images of the each particle stream; (b) Fluorescent images of 10 μm (green) and 3 μm 
(red) particles distribution; (c) Fluorescent images of 5 μm (green) and 3 μm (red) 
particles distribution. Constant operating frequency of 13.2 MHz, input power of 1 W, 
flow rate of 0.5 μl/min, and particle concentration of 1% by volume were applied for (b) 
and constant operating frequency of 13.2 MHz, input power of 1.45 W, flow rate of 0.2 
μl/min, and particle concentration of 1% by volume were applied for (c).  
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 Figure 18(c) shows the distribution of 3 μm and 5 μm polystyrene particle streams 
during the separation process at the same locations as illustrated in Figure 18(a). Since 
the acoustic forces were not applied to the inlet region, expectedly both particle sizes 
were randomly distributed in the channel (location (I)). As the particles entered the first 
stage, they were accumulated and aligned by the acoustic forces to the center of the 
channel where the pressure node existed (location (II)). When the particles traveled to the 
second stage (location (III)), 5 μm particles did not migrate completely to the pressure 
nodes located near side walls and remained in the center stream due to insufficient 
acoustic forces during short SAW exposure time. On the other hand, when the input 
power was significantly increased even 3 μm particles are driven to the pressure nodes, 
conflicting with our separation efforts. As a result, an optimization study has been 
conducted to determine the appropriate input power and the flow rate parameters to 
accomplish high-resolution separation with small size difference particle streams. As 
illustrated in Figure 18(c) location III, with the optimized input power parameter of 1.45 
W and flow rate of 0.2 μl/min, 5 μm particles were separated to the side channels while 3 
μm particles were collected to the center channel. These experiments show that the 
present device is capable of separating high-resolution different-size particles without 
introducing any external sheath flow to the microfluidic channel. 
 To quantitatively determine the separation efficiency, the images were acquired 
from each outlet at 20 frames per second using CCD camera. The acquired images (600 
frames) were analyzed with image processing software (ImageJ
®
, National Institutes of 
Health, Bethesda, MD, USA) to count the number of particles collected from each outlet. 
First, the images were converted to grayscale and then the threshold was set for each 
47 
 
image. The thresholded images were then converted to binary images. Since some of 
particles were agglomerated, automatic thresholding method recognized them as a single 
object. Thus, a watershed segmentation process was performed to accurately count such 
cases. Finally, the number of particles was quantified using the menu command Analyze 
particles with the specific parameters. Figure 19 shows the percentage of each of the two 
size particles (3 μm and 5 μm) collected from center outlet (yellow) and side outlets (pink) 
at high-resolution separation experiments. The graph demonstrates that 97.5 % of the 5 
μm particles were separated to the side outlets after passing through the second stage, 
while 2.5 % of 5 μm particles were collected to the center outlet. Also, 87.9 % of 3 μm 
particles were collected to the center outlet, whereas 12.1% of 3 μm particles were driven 
to the side outlets. 
 
 
Figure 19. Distribution of each of the two particle sizes (3 and 5 μm) over the two outlets. 
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 The acoustic separation efficiency depends on the applied power, flow rate, 
wavelength of the SAW, channel geometry and particle concentration. Among these 
parameters, we investigated the effects of the input power, the flow rate, and particle 
concentration on the separation efficiency between 3 μm and 10 μm as illustrated in 
Figures 20, 21, and 22 respectively. The separation efficiency was defined as A/(A + B) 
for the 3 μm particles and B/(A + B) for the 10 μm particles, where A is the number of 
the target particles collected from the center outlet and B is the number of the target 
particles collected from the side outlets.  
 
Figure 20. Separation efficiency as a function of input power for 3 and 10 μm particles 
(driving frequency: 13.2 MHz, flow rate: 0.5 μl/min, particle concentration: 1 % by 
volume). 
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 As a result of the particle counting analysis, the separation efficiency for both 
particle sizes as a function of power applied to IDTs is shown in Figure 20. The driving 
frequency was 13.2 MHz, the particle concentration was 1% by volume, and the flow rate 
was fixed at 0.5 μl/min. As can be observed from this figure, the separation efficiency of 
the 3 μm and the 10 μm particles were measured in the range of 89.5–94.8 % and 93.7–
100 %, respectively, at the applied power range of 0.25 to 1 W. The separation efficiency 
increased as the input power increased because the acoustic radiation force is 
proportional to the acoustic pressure amplitude which is determined by the input power 
and acoustic impedance.  
 
Figure 21. Separation efficiency as a function of flow rate for 3 and 10 μm particles 
(driving frequency: 13.2 MHz, input power: 1 W, particle concentration: 1 % by volume). 
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 The effect of the flow rate on the particle separation efficiency is also investigated 
in Figure 21. The driving frequency, particle concentration, and the applied power were 
kept constant at 13.2 MHz, 1% by volume, and 1 W, respectively. The separation 
efficiencies of the 3 μm and the 10 μm particles were obtained in the range of 84.6–   
94.8 % and 91.7–100 %, respectively, at the flow rate range of 0.5 to 5 μl/min. The 
results show that lower flow rates provide higher separation efficiency since the particles 
were exposed to the SAW field for a longer time period allowing higher number of 
particles moving to the pressure nodes. 
 
Figure 22. Separation efficiency as a function of particle concentration for 3 and 10 μm 
particles (driving frequency: 13.2 MHz, input power: 1 W, flow rate: 0.5 μl/min). 
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  Experimental efficiency results with different particle concentrations were also 
shown in Figure 22. Constant driving frequency of 13.2 MHz, input power of 1 W, and a 
flow rate of 0.5 μl/min were used during these experiments. The separation efficiencies of 
the 3 μm and the 10 μm particles were achieved in the range of 87.4–94.8% and 94.6–
100%, respectively, at the particle concentration range of 1 to 4 %. The higher particle 
concentration yielded lower separation efficiency because the width of the aligned 
particles band at the first stage increased and existence of the thicker 3 μm particle band 
slowed down the displacement of the 10 μm particles across the microchannel in the 
second stage. As a result, the separation of very high concentration bioparticles such as 
whole blood with this platform may be more involved and may require additional power 
input or lower flow rate with the wider channel outlets to achieve high separation 
efficiency.  
 As expected, the separation efficiency of the 3 μm particles was lower than that of 
the 10 μm particles for all cases. The fundamental reason for this behavior was that the 
number of the misaligned 3 μm particles at the first stage was more than that of the 10 
μm particles due to the relatively low acoustic forces exerted on the 3 μm particles. In the 
separation procedure of this platform, the alignment of the particle is one of the most 
important tasks directly affecting the efficiency of the separation. If the particles don’t 
line up at the center of the channel before entering the second stage, this can negatively 
impact the separation efficiency, as illustrated by our own experiments. It is worth 
commenting here that this particular design is only capable of separating two different 
size particle streams. However, as shown in Figure 12, the peak values of the acoustic 
force on 3 μm, 5 μm, 7 μm, and 10 μm particles are 5 pN, 24 pN, 66 pN, and 191 pN, 
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respectively. This force magnitude difference is sufficient to achieve three or more 
different size particle separation. Hence by modifying the working wavelength, the IDT 
configuration, the width of the channel, and the number of the channel outlets separation 
of three or more different size particle streams can be achieved with this platform.  
 
4.3.2. Density-based Particle Separation 
 To investigate the response of the particles and precise locations of the pressure 
nodes in the constant-width microfluidic channel designed newly, fluorescent images of 
the 10 μm PS particles that were subjected to the acoustic radiation force were recorded. 
The operation frequency, input power, and flow rate were set to 13.3 MHz, 1.42 W, and 
0.1 μl/min, respectively. Figure 23 shows the different time snapshots to track the 
distribution of the particles at the first SAW field, where a single pressure node occurs at 
the center of the channel (Figure 23(a)), and the second SAW field, where pressure nodes 
coincide with the side channel walls (Figure 23(b)).  
 At t=0, the particles were randomly distributed in the microchannel, as they were 
not being exposed to SAW field. When the acoustic field is initiated (t=0.2 s), the 
particles started to move towards the center of the channel (Figure 23(a)) and side 
channel walls (Figure 23(b)). The dash-lined circles and rectangles illustrate the time 
snapshots to track the distribution of the selected particles. One can observe that the 
particles were driven to the pressure nodes of the SAW by the acoustic radiation forces. 
The time required for particle migration towards the pressure node was less than 2 
seconds with the experimental conditions. It is important to note that the migration time 
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of each particle toward the pressure node can readily be adjusted by tuning the input 
power and flow rate during the experiments. 
 
Figure 23. Fluorescent images of the 10 μm PS particles distribution (operating frequency: 
13.3 MHz, input power: 1.42 W, flow rate: 0.1 μl/min). (a) at the first SAW field where a 
single  pressure node exists in the center of the channel, and (b) at the second SAW field 
where pressure nodes occur at the two side channel walls. 
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 Figure 24 illustrates the distribution of PS 10 μm (ρ=1.05 g/cm3) and melamine 
10 μm (ρ=1.71 g/cm3) particles during the density-based separation process at three 
different locations, marked as (a), (b), and (c) in the microfluidic channel. During the 
experiments, a constant operating frequency of 13.3 MHz, an input power of 1.28 W, and 
a flow rate of 0.5 μl/min were applied. Since no acoustic forces were applied to the 
location (a), different density particle streams were randomly distributed in the channel. 
As illustrated in Figure 24(b), when the particles were exposed the first SAW field, they 
were accumulated and aligned by the acoustic forces at the center of the channel where 
the pressure node existed without adding any sheath flow. The aligned particles moved 
along the defined positions even after passing the first SAW field due laminar flow 
behavior in the microfluidic channel. Then, density-based separation occurred when the 
particle streams were exposed to the second SAW field (Figure 24(c)). The melamine 
particles (high-density) moved to the pressure nodes located along the two side walls of 
the channel immediately. Although the PS particles (low-density) started to be driven to 
the pressure nodes, the lateral displacements of the PS particles were minimal because the 
acoustic forces exerted on the particles were insufficient to drive them completely to the 
pressure nodes during the relatively short SAW exposure time. As a result, the high-
density particles were separated to the two side outlets, while the low-density particles 
were collected at the center outlet. It is important to note that even though the 
concentration of the particles in the sample suspension is constant (1% by volume), there 
may be difference in the number of the distributed particles between the images of each 
location (Figure 24). The fundamental reason for this issue was that there was time 
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interval between the each image recorded at three different locations due to the limitation 
with the field of view of the microscope. 
 
 
Figure 24. Fluorescent images of the particle distribution during the density-based 
separation (green = 10μm PS; red = 10μm melamine) at the chosen location (a)–(c) in the 
test section. A  constant operating frequency of 13.3 MHz, an input power of 1.28 W, and 
a flow rate of 0.5 μl/min were applied during the experiments. 
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 The experimental and analytical trajectories of the melamine and PS particles 
tracked during the second SAW field where the separation process occurred were 
investigated as shown in Figure 25. The theoretical analysis of the trajectory of each 
particle was analyzed by using the balance between the acoustic radiation force and the 
viscous drag force acting on a particle as discussed previously in Chapter 4.2.2. To 
determine the actual trajectories of the particles, the positions of the selected particles at 
different times were tracked continuously using the image analysis software (cellSens, 
Olympus) at the second SAW field.  
 
Figure 25. Analytical (solid and dotted lines) and experimental (triangle and circle 
symbols) trajectories of the melamine and PS particles tracked in the second SAW field 
where the separation process occurred. 
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 Figure 25 illustrates both the theoretical and experimental trajectories of the 
particles during their travel in the microfluidic channel. As can be observed from this 
figure, the patterns of the experimental trajectories of the particles had good agreement 
with the analytical trajectories. After all the particles were aligned at the center of the 
microchannel (the position of near ‘0’ at the y-axis), the melamine (high-density) 
particles reached to the pressure nodes located along the two side channel walls (the 
position of near ‘75’ and ‘-75’ at the y-axis) during SAW working time. On the other 
hand, the PS (low-density) particles were not able to reach to the pressure nodes during 
SAW working time because of the shorter lateral displacement. They moved only 13.5 
μm and -15.0 μm from the initial aligned positions due to the relatively small acoustic 
forces. After the SAW working region, the particles stayed in the separated defined 
positions due to laminar flow behavior in the microfluidic channel.  
 The separation efficiency was also determined quantitatively with the images 
obtained from each outlet at 20 frames per second using a CCD camera. To estimate the 
number of particles collected at each outlet, the images were analyzed with image 
processing software (ImageJ
®
, National Institutes of Health). The detailed image 
processing steps were presented in previous Chapter 4.2.2. The separation efficiency was 
defined as A/(A+B), where A is the relative particle fraction of the sample collected from 
the side outlets and B is the relative particle fraction of the sample collected from the 
center outlet. To study the effect of the parameters on the separation efficiency, the net 
power applied to the IDTs varied from 0.32 W to 1.28 W and the flow rate from 0.2 
μl/min to 2 μl/min. The separation efficiency as a function of input power is shown in 
Figure 26. The operating frequency was 13.3 MHz, and the flow rate was kept constant at 
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0.2 μl/min. The separation efficiencies were measured in the range of 87.2–98.8 % at the 
applied power range of 0.32–1.28 W. Since the acoustic radiation force is proportional to 
the acoustic pressure amplitude and the input power, the separation efficiency increased 
as the power increased.  
 
Figure 26. Experimental separation efficiency as a function of input power (operating 
frequency: 13.3 MHz, flow rate: 0.2 μl/min). 
 
 The dependence of the flow rate on the separation efficiency is also illustrated in 
Figure 27. During these tests, the operation frequency and the input power were kept 
constant at 13.3 MHz and 1.28 W, respectively. The separation efficiencies obtained were 
in the range of 98.8–89.4 % for flow rates ranging from 0.2 μl/min to 2.0 μl/min. As the 
flow rate was decreased, the particles were exposed to the SAW field for a longer time 
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period and, hence, the particles were subjected to larger lateral displacement. Thus, the 
lower flow rate yielded higher separation efficiency.  
 
Figure 27. Experimental separation efficiency as a function of flow rate (operating 
frequency: 13.3 MHz, input power: 1.28 W). 
 
 It is important to note that solutions containing high concentration particles such 
as whole blood may potentially yield to low separation efficiency due to increased width 
of the aligned particle band at the first SAW field. Thus, for applications requiring high 
particle concentration, this sheathless microfluidic platform design needs to be modified 
with wider channel outlets with optimized the SAW wavelength, IDT configuration, flow 
rate, and input power to address the needs of the separation of high concentration 
particles. These results demonstrate that the presented device is capable of separating 
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same-size different density particles in a microfluidic channel without employing sheath 
flow. 
 
4.3.3. Application for Cell Separation 
 To verify the application of this sheathless acoustic-based separation technique to 
biological cells, the separation of animals’ red blood cells (RBCs) with two different 
diameters was performed. A mixture solution of chicken RBCs (~9.7 μm) and goat RBCs 
(~3.2 μm) was introduced into the sheathless acoustic-based separator. Both cells were 
purchased from Innovative Research (Novi, MI, USA). These RBCs have been produced 
when whole blood was washed to remove the platelet rich plasma, buffy coat layer, and 
white blood cells (leukocytes). Both RBCs were supplied as a 5% suspension in 
phosphate buffered saline (PBS). For the separation studies, these cells were diluted to   
2 % with PBS immediately before use.  
 Figure 28 shows the distribution of chicken RBCs and goat RBCs during the size-
based separation process at three different locations, marked as (a), (b), and (c) in the 
microfluidic channel. During the experiments, an operating frequency of 13.3 MHz an 
input power of 1.41 W, and a flow rate of 1.0 μl/min were applied. Both cells were 
randomly scattered in the inlet region as shown in Figure 28(a). When both cells entered 
the first SAW field, the acoustic forces acting on the theses cells aligned them at the 
center of the microfluidic channel where pressure nodes existed. (Figure 28(b)). Once the 
IDTs of second SWA field were activated, larger RBCs (chicken) were pushed to the two 
side walls while smaller RBCs (goat) kept flowing in the center steam. Subsequently, the 
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larger RBCs were separated to the two side outlets and the smaller RBCs were collected 
to the center outlet (Figure 28(c)).  
 In this experiment, the higher input power (1.41 W) was required to separate the 
cells as compared to the separation of polystyrene particles with similar sizes (3 μm and 
10 μm) as discussed in Chapter 4.3.1. The reason could be that the acoustic force is 
smaller on these RBCs than on polystyrene particles because the acoustic force action on 
an object strongly depends on the properties of the object such as density and 
compressibility as shown in equations (12) and (13). These results confirm that this 
sheathless acoustic-based separator is capable of separation of not only microparticles but 
also biological cells.  
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Figure 28. Bright field images of the RBCs distribution during the size-based separation 
(chicken = 9.7 μm; goat = 3.2 μm) at the chosen location (a)–(c) in the test section. A 
constant operating frequency of 13.3 MHz, an input power of 1.41 W, and a flow rate of 
1 μl/min were applied during the experiments. 
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CHAPTER 5. SURFACE ACOUSTIC WAVE-BASED MIXING 
 
Note to Reader  
The manuscript and the results presented in this chapter have been previously 
published [146] and are utilized with permission of the publisher. 
 
5.1. Introduction 
 Microfluidic systems are employed in variety of bio and chemical applications 
including cell separation and detection, genetic analysis, drug screening, and chemical 
synthesis and reactions. These applications need fast and efficient mixing of the sample 
and reagent with high throughput. Since the flow in a microfluidic channel is laminar due 
to low Reynolds number, obtaining efficient mixing is a formidable task. The inherently 
slow molecular diffusion mixing in a microfluidic channel requires very long channel 
design which conflicts with miniaturization and integration needs. To address these 
requirements, various techniques for efficient mixing have been studied. In general, the 
mixing techniques are classified into two types according to the actuation and control 
mechanism, such as passive and active mixing.  
 Passive mixing methods rely completely on the geometry of the microfluidic 
channel to increase the contact surface and decrease diffusion path between adjacent fluid 
streams, such as wedged shaped inlets [147], zigzag channels [148], folding structure 
[149], creeping structure [150], stacked shim structure [151], embedded barriers [152, 
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153], and twisted channels [154]. On the other hand, active mixing methods employ 
external force fields including dielectrophoretics [155], electrokinetics [156, 157], 
electrohydrodynamics [158, 159], magnetics [160], and acoustics [161]. Although 
integration of active mixers with microfluidic system is more challenging due to the 
requirement of external power sources, it has been shown that active mixers perform 
better than passive ones in terms of efficiency and mixing time [162].  
 Acoustic-based active mixing technique has been studied as acoustic actuation 
causes a pressure variation within the fluids. Acoustic-based mixing has been 
demonstrated by using acoustic streaming with piezoelectric zinc oxide thin film [163], 
lead zirconate titanate membrane [164] and acoustically driven sidewall-trapped air 
bubble [165]. Recently, the acoustic streaming induced by surface acoustic wave (SAW) 
has been investigated as SAW-based method features low propagation loss, low power 
consumption, and ease of integration [61]. SAW-based mixing studies have been 
conducted in two different fluidic conditions; in a droplet [101, 166–170] and in a 
confined microchannel [131, 171–173]. Highly efficient mixing inside a droplet has been 
demonstrated using internal streaming induced by SAW.  
 On the other hand, there are only few reports of the SAW-based mixing in a 
microfluidic channel. Tan et al. [131] have reported the phenomena of vortical flow for 
mixing in a microchannel fabricated directly onto a piezoelectric substrate with high 
frequency SAW transducers. Sritharan et al. [171] has conducted SAW-based mixing 
between water and microbeads solution in a Y-shape microfluidic channel. The 
interdigital transducer was directly located below the channel inlets. Luong et al. [172] 
has demonstrated SAW-based mixing with a solution of fluorescent dye and deionized 
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water in a T-shape microfluidic channel at high flow rates. The effects of two different 
interdigial electrode configurations (parallel and focused) and the applied voltages with 
different flow rates on the mixing efficiency were reported. Zeng et al. [173] have 
investigated fast mixing with DI-water and quantum dots solution using focused SAW. 
The solutions were mixed in milliseconds by concentrated acoustic radiation in a Y-shape 
microfluidic channel. However, these previous studies used a single interdigital 
transducer to generate a single acoustic steaming in a microfluidic channel. In this 
Chapter, a dual SAW-based active mixer design using dual acoustic streaming generated 
by two interdigital transducers is introduced. The comparison mixing performance 
obtained with dual SAW-based mixing to the traditional single interdigital transducer 
design is discussed. In addition, effect of aperture length of the IDT on mixing efficiency 
is also reported.  
 
5.2. Materials and Methods 
5.2.1. Working Principle 
 The working mechanism of the proposed dual SAW-based active mixer is shown 
in Figure 29. The dual SAW-based active mixer consists of a pair of interdigital 
transducers (IDTs) patterned on a piezoelectric substrate and polydimethyl-siloxane 
(PDMS) microfluidic channel. Two series of SAWs are generated when AC signals with 
same amplitude are applied to both IDTs. When the SAWs propagating in opposite 
directions reach the sample fluid inside the microfluidic channel, the SAWs are 
transformed to leakage waves inducing pressure fluctuations, and then the longitudinal 
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pressure waves are radiated into the sample fluid at the reflection angle (called the 
Rayleigh angle [172]). This reflection angle of the radiated wave is determined as: 
1sin ( / )R f sC C
                                                (19) 
where Cf and Cs are the speed of sound in the fluid and on the substrate, respectively. 
Acoustic streaming is generated inside the sample liquid by longitudinal pressure waves, 
resulting in internal net flow circulation. This acoustic streaming effect causes the active 
fluid mixing in the microfluidic channel.  
 
 
Figure 29. Schematic diagram illustrating working concept of the dual SAW-based active 
mixing. The acoustic energy is radiated into the sample liquid at the refraction angle, 
leading to acoustic streaming inside the sample liquid. 
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Figure 30. Schematic diagram of the two different SAW-based active micromixers used 
in this study (note the figure is not to scale). (a) a single acoustic excitation by one IDT, 
(b) double acoustic excitation by two IDTs. 
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 Based on this working mechanism, a single acoustic excitation by one IDT design 
as a reference (Figure 30(a)) and dual excitation by two IDTs (Figure 30(b)) were used to 
investigate the effect of excitation type/configuration on the mixing efficiency. In 
addition, the effect of the IDT aperture length of the dual SAW-based active mixer 
(shown in Figure 30(b)) on the mixing efficiency was investigated. As illustrated in 
Figure 30, the region of interest (ROI) was selected 2 mm downstream from the end of 
the SAW working region defined by IDT aperture for all experiments to quantitatively 
determine the mixing efficiency.  
 
5.2.2. Device Design and Fabrication 
 The dual SAW-based active mixing device consists of two parts: IDTs fabricated 
on a piezoelectric substrate to generate SAWs and Y-shape PDMS microfluidic channel 
for transporting the sample fluid. A 128° YX lithium niobate (LiNbO3) was selected for 
the substrate of the device due to its good optical transparency and a larger 
electromechanical coupling coefficient as compared to other piezoelectric substrates 
which generate SAW. The IDTs was fabricated with photolithography process. A chrome 
layer of 100nm thickness was first deposited on a double-side polished 128° YX LiNbO3 
wafer with DC sputter (Torr International, New Windsor, NY). The LiNbO3 wafer was 
then coated with S1813 photoresist of 1.6μm-thick (Shipley, Marlborough, MA), 
patterned using a UV light source, and developed in MF 319 developer (Shipley, 
Marlborough, MA). The chrome layer was then etched with CR-7S chrome etchant 
(Cyantek, Fremont, CA). Lastly, the photoresist was removed with AZ-400T photoresist 
stripper (AZ Electronic Materials, Somerville, NJ). The fabricated IDTs have 25 pairs of 
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fingers with pitch of 300 μm and width/gap of 75 μm. Since the wavelength of SAW 
generated by the IDT is equal to the IDT finger pitch, wavelength is 300 μm for the 
selected design. The operating frequency of the IDT is defined by the ratio the speed of 
sound on the substrate to the wavelength of SAW. The operating frequency of the IDT 
used for this study is 13.3 MHz based on the speed of sound on the 128° YX LiNbO3 
substrate of 3,990 m/s and the SAW wavelength of 300 μm. The IDT patterned on a 128° 
LiNbO3 substrate are shown in Figure 31(a).  
 
 
Figure 31. Close-up views illustrating (a) the IDT fabricated on the lithium niobate 
substrate and (b) Y-type microfluidic channel mold. 
 
 The soft lithography and replica molding techniques were used to fabricate the Y-
shape microfluidic channel. The mold of the microfluidic channel was fabricated on a 
silicon wafer with SU-8 negative photoresist of 80 μm-thick (MicroChem, Newton, MA). 
The PDMS pre-polymer base was cross-linked with the curing agent (Sylgard™ 184 kit, 
Dow Corning, Midland, MI) in a weight ratio of 10:1, poured onto the fabricated SU-8 
microfluidic channel mold, and then cured at 80
° 
C for 30 min. Once PDMS replica was 
peeled off from the microfluidic channel mold, the inlet and outlet holes were generated 
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using 0.75 mm biopsy punch. The surfaces of PDMS replica and the substrate including 
IDTs were then treated with oxygen plasma for 30 seconds with 20 sccm oxygen flow 
rate, 500 mTorr chamber pressure, and 50 W power to increase the bonding strength. 
Lastly, the PDMS replica of the microfluidic channel was boned to the substrate 
including IDTs. The fabricated microfluidic channel had a width of 150 μm, a height of 
80 μm, and a length of 9 mm (for 4 mm aperture IDTs) and 14 mm (for 9 mm aperture 
IDTs). The Y-shape microfluidic channel mold fabricated is shown in Figure 31(b).  
 
5.2.3. Experimental Setup 
 For experimental characterization studies, the fabricated mixer was positioned on 
top of the stage of an inverted microscope (IX-51, Olympus), and PTFE tubing (Cole-
Parmer, Vernon Hills, IL) and two glass syringes (Hamilton, Reno, NV) were connected 
to the two inlets of the Y-shape microfluidic channel. Two fluid streams were introduced 
and controlled by a syringe pump (KD Scientific, Holliston, MA). One inlet fluid stream 
contained DI-water and the other stream was a solution of fluorescent dye (Fluorescein 
sodium salt, Sigma-Aldrich, St. Louis, MO). To generate SAWs propagating towards the 
microfluidic channel, a sinusoidal signal was produced by arbitrary function generator 
(AFG3022B, Tektronix), amplified by a RF power amplifier (325LA, ENI), and provided 
to the IDTs. A charge-coupled device camera (XM-10, Olympus) was used to acquire the 
high speed fluorescent images in the microfluidic channel with image acquisition 
program (cellSens, Olympus). The FITC-3540B color filter (excitation: 482 nm, emission: 
536 nm) was used for capturing the florescent images with filtering the specific excitation 
(490 nm) and emission (514 nm) wavelength of the fluorescent dye. A photographic 
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illustration of the experimental setup is shown in Figure 32. During active mixing 
experiments, the peak-to-peak voltage fed to the IDTs was varied from 28 Vp-p to 85 Vp-p 
and three different flow rates of 10, 50, and 100 μl/min were applied to investigate the 
effect of the working parameters on the mixing efficiency.  
 
 
Figure 32. Photographic illustration of the experimental setup used for investigating 
SAW-based mixer. 
 
 The operation conditions based on the three different flow rates applied for the 
experiments can be represented by the characteristic non-dimensional numbers, the 
Reynolds number (Re) and the Peclet number (Pe). The Reynolds number represents the 
ratio of advective mass transport to momentum transport as shown at equation (1) in 
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Chapter 2.1. The Peclet number is the ratio of advective mass transport to diffusive mass 
transport: 
UL
Pe
D
                                                          (20) 
where L is the mixing path, which is represented with the channel width, and the D is the 
diffusion coefficient. The diffusion coefficient of the fluorescent dye (Fluorescein sodium 
salt) injected for this study is 3.310-10 m2/s [174]. In a microfluidic system, the mixing 
path is close to the value of the hydraulic diameter. The operation conditions based on the 
three different flow rates applied for this study are shown in Table 3. 
      Table 3. The operation conditions used for SAW-based active mixing experiments. 
Flow rate  
(μl/min) 
Flow velocity 
(mm/s) 
Re Pe 
10 13.92 2.61 6,327 
50 69.60 13.05 31,636 
100 139.20 26.10 63,273 
 
 The diffusive mixing is dominant if the Peclet number is less than 1,000 [135]. A 
higher flow rate implies a larger Peclet number. In this study, the Peclet number ranged 
from 6,327 to 63,273 so that the diffusion effect can be negligible for the proposed SAW-
based mixing. The review paper of micromixers by N. Nguyen and Z. Wu [136] reported 
the active miromixers by using pressure, electrohydrodynamic, dielectrophoretic, and 
electrokinetic disturbances worked with the Peclet number on the order of 10 to 10
3
. 
Especially, acoustic-based (including SAW) active mixers worked with the Peclet 
73 
 
number on the order of 10 (30 in [164], 11 in [172]), 10
2
 (300 in [177], 614 in [173]), 10
3
 
(1600 in [36], 1500 in [178]), and 10
4
 (14800, 37200 and 74400 in [179]). Thus, the 
Peclet numbers of the SAW-based mixer used in this study are normally much higher 
than other active mixers. It is important note that the proposed SAW-based mixer with 
high Peclet number corresponding to high flow rate can be applied for high-throughput 
systems.  
 
5.3. Results and Discussion 
 To investigate the mixing effect induced by SAW-based acoustic steaming, DI 
water and a solution of fluorescent dye were injected into the microfluidic channel from 
each inlet at flow rate of 10 μl/min. Figures 33 (a)–(d) show the fluorescent images in the 
microfluidic channel during active mixing process of the two fluid streams. The images 
were acquired with a CCD camera at 20 frames per second. It is noted that the images 
shown in Figure 33 (a)–(d) were filtered with the image acquisition software (cellSens, 
Olympus) to clarify the interface between DI-water and the fluorescent dye solution.  
 Figure 33(a) shows the image of the inlet region in the Y-shape microfluidic 
channel. As expected, two fluid streams were separated across the microfluidic channel 
with equal widths due to the same flow rate used. To observe the mixing behavior of the 
fluids, the images (Figure 33(b)–(d)) were captured at ROI which was placed 2 mm 
downstream from the end of the SAW working region defined by IDT aperture as 
illustrated in Figure 30. Initially, no mixing was observed without any power input due to 
the absence of acoustic streaming as shown in Figure 33 (b). When the voltage of 85 Vp-p 
was applied to one IDT with an aperture of 4mm for single excitation (Figure 33(c)) and 
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two IDTs with an aperture of 4mm for dual excitation (Figure 33(d)), active homogenized 
mixing behaviors of the two fluid streams induced by SAW-based acoustic streaming 
were observed. The homogenous mixing implies that the two fluid streams were mixed 
very rapidly when the acoustic excitation was applied. From Figure 33, one can clearly 
observe that the dual excitation with two IDTs caused superior mixing result than that of 
single IDT case at the same applied voltage. 
 
 
Figure 33. The fluorescent images (a) at the inlet region and (b-d) at the outside of the 
active mixing region (2 mm downstream from the end of the SAW working region 
defined by IDT aperture). (a) two fluid streams were injected from each inlet at flow rate 
of 10 μl/min, (b) no mixing effect was observed with no power input, (c) active mixing 
with 85 Vp-p applied to single IDT for single excitation, (d) active mixing with 85 Vp-p 
applied to two IDTs for dual excitation.  
 
 Figure 34 shows the intensity profile of the obtained fluorescent images across the 
microfluidic channel width (150 μm) with a flow rate of 10 μl/min for the single IDT 
excitation (Figure 34(a)) and the dual IDT excitation (Figure 34(b)) with both same 
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apertures of 4 mm. The significance of this figure is that the intensity of the image 
indicates the fluorescent dye concentration and, hence gives a direct indication for the 
mixing performance. The intensity values across the microfluidic channel width were 
averaged over the region of interest (ROI) as indicated by the red dotted rectangle in 
Figure 33. Since the obtained images were filtered to clarify the interface between DI-
water and the fluorescent dye solution as shown in Figure 33, the slopes of the intensity 
values in Figure 34 were stiff. However, as all acquired images were filtered with same 
algorism, this filtering process didn’t affect the mixing efficiency analysis. As the applied 
voltage increased, expectedly, a uniform peak intensity distribution increased for both 
cases. One can observe from this figure that the higher voltages applied to the IDT caused 
higher mixing performance. As can be observed from the comparison between Figure 
34(a) and (b), the dual excitation with two IDTs caused significantly more mixing 
performance than that of single IDT at any of the identical voltage conditions.  
 The mixing efficiency was determined by the ratio between the mixing index of 
mixed streams and unmixed streams over a region of interest (ROI) obtained from the 
fluorescent images [172], 
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where N is the number of pixels, iI  is the normalized average intensity of pixel i at the 
mixed state, ,0iI  is the normalized average intensity of pixel i at the initial unmixed state, 
and I  indicates the expected normalized intensity at completely mixed state (0.5 in this 
study as identical flow rates were applied to each fluid stream).  
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Figure 34. Plots of intensity profiles across the microfluidic channel width for different 
applied voltages at the flow rate of 10 μl/min for (a) the single excitation by one IDT and 
(b) the dual excitation by two IDTs. The value ‘0’ of the x-axis indicates the middle of 
the microfluidic channel across the microfluidic channel width. 
 
 The effects of the voltage applied and the flow rate on the mixing efficiency for 
single IDT excitation and dual IDT excitation with both same apertures of 4 mm were 
investigated as illustrated in Figure 35. For all the experiments, the operating frequency 
was kept constant at 13.3 MHz, the peak-to-peak voltage fed to the IDTs varied from 28 
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V to 85 V, and three different flow rates of 10, 50, and 100 μl/min were applied. The 
detailed mixing efficiency in this study indicates that as the applied voltage increased, the 
mixing efficiency increased because acoustic streaming velocity is directly related with 
the applied voltage. Nguyen and White [180] reported that the velocity of the acoustic 
streaming is a second-order function with the applied voltage. This implies that mixing 
efficiency, which is proportional to the velocity of the acoustic streaming, is a second-
order function of the applied voltage. Also, previous study experimentally demonstrated 
that the relation curve of mixing efficiency versus the applied voltage was a parabolic 
shape [172]. However, these quadratic relations between the velocity of the acoustic 
streaming and the applied voltage were induced by the single SAW with one IDT. In this 
study, the mixing efficiency of the single SAW by one IDT for lower flow rate showed 
the quadratic relation with the applied voltage as shown in Figure 35(a). However, the 
dual SAW cases did not show this relationship as shown in Figure 35(b) and Figure 36.   
 The main reason of these results might be the standing acoustic wave effect 
induced by two IDTs. When a pair of SAWs propagates in opposite directions toward the 
microfluidic channel, the interference of these SAWs forms a standing SAW, resulting in 
a periodic distribution of pressure nodes and anti-nodes inside sample solution in the 
microfluidic channel. Previous study investigated that this acoustic standing wave force 
with a periodic distribution of pressure nodes can affect to the mixing effectiveness in the 
microfluidic channel [131]. In addition, the type of SAW could affect the quadratic 
relation between the mixing efficiency and the applied voltage. The active mixer using a 
focused single SAW induced by concentric circular type focused IDT didn’t show the 
quadratic relation between the mixing efficiency and the applied voltage [173].  
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 The presented mixing efficiency studies also shows that higher mixing efficiency 
was also obtained with a lower flow rate as the fluid streams were applied to the active 
mixing region for a longer time which was defined by the aperture of the IDT. One can 
also clearly infer that the mixing efficiency of dual IDT excitation case was higher than 
that of single IDT excitation for all of the applied voltage and flow rate conditions. When 
the voltage of 85 Vp-p and the flow rate of 10 μl/min were applied, the mixing efficiencies 
of dual excitation with two IDTs and single excitation with one IDT were 96.7 % and 
69.8 %, respectively.  
 The effect of the IDT aperture length on the mixing efficiency was also 
investigated with dual acoustic excitation with shorter aperture (4 mm) and longer 
aperture (9 mm) IDTs under identical operating conditions as shown in Figure 36. The 
long-aperture IDTs caused slightly higher mixing efficiency than the short-aperture IDTs 
for all flow rates and voltages given. When the voltage of 85 Vp-p and the flow rates of 10, 
50, and 100 μl/min were applied, the mixing efficiencies of shorter aperture two IDTs 
case were 96.7, 43.9, and 25.1 %, respectively. On the other hand, the mixing efficiencies 
of longer aperture two IDTs case were 99.1, 53.9, and 27.7 %, respectively. The reason 
for this result is that the long-aperture reduces the resonant insertion loss of IDT. 
However, if the aperture length of IDT is very long (larger than 100 times of wavelength), 
the IDT impedance and the signal are affected significantly due to the mass loading of the 
IDT fingers [181]. Thus, the aperture length should be optimized with SAW wavelength. 
Generally, an acoustic aperture length of between 30 and 50 times of wavelength is 
optimal for 50Ω IDT impedance [182].  
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Figure 35. Mixing efficiency as function of applied voltages for different flow rates; (a) 
the single excitation by one IDT, (b) the dual excitation by two IDTs. 
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Figure 36. Mixing efficiency as function of applied voltages for different flow rates; (a) 
the dual excitation by the short-aperture (4 mm) two IDTs, (b) the dual excitation by the 
long-aperture (9 mm) two IDTs. 
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CHAPTER 6. EFFECTS OF PDMS MICROCHANNELS ON  
SURFACE ACOUSTIC WAVE-BASED MICROFLUIDIC DEVICES 
 
6.1. Introduction 
 To date, three materials (namely silicon, glass, and polymers) have been used in 
microfluidic device designs. Recent studies reported the comparison of these materials 
for chemical and physical operation in a microfluidic device [183, 184]. The properties of 
silicon are well-established and the fabrication techniques in silicone are well-developed. 
However, as silicon is not transparent, it conflicts with optical detection in most 
bioanalysis. Moreover, the silicon-based fabrication process is expensive, is limited to 
planar surfaces, and needs specialized facilities. Glass has a good chemical resistance and 
excellent optical transparency. However, it has disadvantages such as high-cost, complex 
fabrication process and limited integration capability with other materials used in the 
design. Compared to silicon and glass, polymers are more attractive materials for 
microfluidic channels due to the ease of fabrication such as replica molding and rapid 
prototyping which are simple, low cost, time saving, and highly reproducible. In addition, 
polymers feature a good chemical resistance, optical transparency, and no UV absorption 
[184].  
 Of polymers, PDMS is the most widely used as well as actively developed 
polymer for the microfluidics because it has prominent features compared to other 
polymers, including very low electromagnetic energy dissipation, high dielectric strength, 
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wide temperature range of use, elastomeric properties, biocompatibility, non-toxicity, 
high optical transparency, gas permeability, reversible and irreversible bonding, easy 
molding, and low chemical reactivity [185–187].  
 Recently, PDMS-based microfluidic channels have been integrated with surface 
acoustic wave devices for wide variety of applications including focusing [135, 136] and 
separation [102, 139, 103] of particles/cells as well as pumping [133, 134, 188] and 
mixing [172, 173, 189] of fluids in the microfluidic channel. However, elastomer 
materials, such as PDMS, severely attenuate the SAW propagation, thus the transmission 
of the acoustic energy is reduced by the channel wall thickness when the SAW 
propagates toward the sample liquid inside the microfluidic channel [190]. As this 
acoustic energy loss affects the capabilities and efficiencies of the SAW-based 
microfluidic devices, there is a need to investigate the effects of PDMS channel wall 
thicknesses on the SAW-based microfluidic device design. In this chapter, the effects of 
the side and top wall microfluidic channel   thicknesses on the insertion loss of SAW and 
the particle migration to the pressure nodes due to acoustic radiation forces induced by 
SAW.  
 
6.2. Materials and Methods 
6.2.1. Working Principle 
 Figure 37 shows a schematic illustration of a typical SAW-based PDMS 
microfluidic device. It consists of interdigital transducer (IDT) fabricated on a 
piezoelectric substrate and PDMS microfluidic channel. As presented in the previous 
chapters, when the IDT is excited with an RF signals, SAW propagates toward the PDMS 
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microfluidic channel. When the SAW reach the sample fluid inside the PDMS 
microfluidic channel, it is converted to leakage wave resulting in pressure fluctuations 
and the acoustic energy radiates longitudinal pressure waves into the fluid. The pressure 
fluctuations induce acoustic streaming and acoustic radiation forces [28, 34]. These 
forces have been used for many applications such as pumping, mixing, focusing, and 
separation. However, a portion of the acoustic energy is absorbed by the PDMS channel 
walls when the SAW reach the sample fluid inside the PDMS microfluidic channel. The 
capability and efficiency of the device are affected by this acoustic energy loss. Thus, in 
this study the effects of the side and top wall thicknesses (as shown in Figures 37) of the 
PDMS microchannel on the transmission characteristic of SAW and the particle 
trajectories due to acoustic radiation forces were investigated experimentally.  
 
 
Figure 37. Schematic illustration of working concept of a typical SAW-based PDMS 
microfluidic device. 
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6.2.2. Device Design and Fabrication 
 The detailed fabrication process of the SAW-based microfluidic devices used in 
this study is same as the previous description of Chapter 4.2.3. The IDT was designed to 
operate at a resonance frequency of 13.3 MHz, corresponding SAW wavelength of 300 
μm. The width and period of the IDT finger were 75 μm and 300 μm, respectively. The 
width and depth of the fabricated PDMS microfluidic channel were 250 μm and 100 μm, 
respectively. To investigate the effects of the PDMS microfluidic channel wall, the side 
and top wall thicknesses (shown in Figure 37) varied from 2 to 8 mm for each wall.  
 
6.2.3. Experimental Setup 
 For the insertion loss measurements, the fabricated integrated device was 
connected to a RF network analyzer (E5061A, Agilent), and the insertion losses (S21) due 
to the existence of PDMS microchannel in the design were measured (Figure 38(a)). For 
the investigation of particle migration to the pressure node due to acoustic radiation 
forces induced by SAW, a solution of fluorescent polystyrene (PS) particles with 10 μm 
diameter (Bangs Laboratories, Fishers, IN) was injected to the PDMS microfluidic 
channel using the microliter syringe (Hamilton, Reno, Nevada) and the syringe pump 
(KD Scientific, Holliston, MA). The concentration of the polystyrene particles in the 
sample solution was 1% by volume. For the propagation of the SAW toward the sample 
solution in the PDMS microfluidic channel, AC signal generated by an arbitrary signal 
generator (AFG3022B, Tektronix) at the resonance frequency was amplified using a RF 
power amplifier (325LA, ENI), and then the signal was supplied to the IDT. The paths of 
the particles migration induced by SAW were tracked continuously using a fluorescence 
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microscope (IX-51, Olympus), a CCD camera (XM-10, Olympus), and an image 
acquisition software (cellSens, Olympus). A schematic illustration of the experimental 
setup is shown in Figure 38(b). 
 
Figure 38. Schematic illustration of the experimental setup for (a) the insertion loss 
measurements and (b) particles migration to the pressure node. 
 
6.3. Results and Discussion 
6.3.1. Insertion Loss 
 Figure 39 illustrates the insertion loss with varying PDMS side wall thicknesses 
for a constant PDMS top wall thickness of 8mm. The insertion loss is the loss in signal 
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power, resulting from the insertion of a component or a device in a transmission line of 
IDT [191]. The low insertion loss enhances acoustic energy transmission so that the 
capabilities and efficiencies of the devices are improved. The results for the resonance 
frequency (13.3 MHz) illustrate that the insertion loss is increased with increasing PDMS 
side wall thickness as compared to no PDMS channel case. In the relatively thin side wall 
cases, such as 2 mm and 4 mm, the increase of the insertion losses were not significant. 
On the other hand, the insertion losses for relatively thick side wall thicknesses, such as 6 
mm and 8 mm, increased by 26.1% and 43.5% as compared to no PDMS channel case, 
respectively.  
 
 
Figure 39. The insertion loss with varying PDMS side wall thickness for a constant 
PDMS top wall thickness of 8mm. 
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 Figure 40 and 41 show the effect of the PDMS side and top wall thicknesses on 
the insertion loss at the resonance frequency of the device. The insertion loss of no 
PDMS channel in the design case was -23.66 dB. One can observe from these figures that 
as both the side and top wall thicknesses increased, the insertion losses were increased. 
As shown in Figure 40, in the relatively thin side wall cases (2 mm and 4mm), the 
insertion loss values increased very slightly with increasing top wall thickness. For 
example, the insertion losses of 2, 4, 6, and 8 mm top wall cases with 2mm side wall 
thickness were -24.1, -24.29, -24.37, and 24.48 dB, respectively. On the other hand, the 
increases of the insertion losses with increasing top wall thickness for the relatively thick 
side wall cases (6 mm and 8mm) were significant. For example, the insertion losses of 2, 
4, 6, and 8 mm top wall cases at the side wall thickness of 8 mm were -29.13, -30.16, -
32.34, and -33.77 dB, respectively.  
 However, as shown in Figure 41, even for thin top wall thicknesses cases (2 mm 
and 4 mm), the insertion losses increased significantly with increasing side wall 
thicknesses. For example, the insertion losses of 2, 4, 6, and 8 mm side wall cases with 
2mm top wall thickness were -24.2, -25.78, -27.59, and -29.13 dB, respectively. These 
results imply that the thickness of the side wall in the PDMS microfluidic channel is 
more critical than top wall thickness to reduce the insertion loss of the SAW-based 
microfluidic devices. Especially, reducing the side wall PDMS thickness from 8 mm to 2 
mm with 8 mm top wall thickness decreased the insertion loss by 31.2 %. On the other 
hand, the return loss (S11) was affected very slightly by the side wall thickness. For 
example reducing the side wall thickness from 8 mm to 2 mm with 8 mm top wall 
thickness decreased the return loss by 1.58 % only.  
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Figure 40. The insertion loss as a function of the PDMS side wall thickness for varying 
PDMS top wall thickness at the resonant frequency of 13.3 MHz. 
 
 
Figure 41. The insertion loss as a function of the PDMS top wall thickness for varying 
PDMS side wall thickness at the resonant frequency of 13.3 MHz. 
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6.3.2. Particle Migration to Pressure Nodes 
 The acoustic radiation forces induced by standing SAWs move solid particles 
including cells suspended in an aqueous medium toward the pressure node. To 
investigate the effect of the PDMS channel wall thickness on the particles trajectories 
exerted by the acoustic radiation forces, fluorescent images of the 10 μm polystyrene 
particles subjected to the SAW field in the PDMS microfluidic channel with different 
side wall thickness were recorded. A constant operating frequency of 13.3 MHz and an 
input power of 27 dBm were applied to generate SAW during the experiments. The 
sample solution within the PDMS microfluidic channel was stationary. The PDMS 
microfluidic channel and the IDT were designed so that the pressure nodes were located 
at the two side walls of the channel.  
 Figure 42, 43, and 44 show the fluorescent images tracking the particle 
trajectories in the PDMS channel with the side wall thicknesses of 2 mm, 6 mm, and 8 
mm, respectively. At t = 0, the particles were randomly distributed because the particles 
were not yet exposed to the SAW field (Figure 42(a), 43(a), 44(a)). When the SAW 
propagates to the particles in the PDMS microfluidic channel, the particles began to move 
towards the channel walls as the pressure nodes were placed at the channel walls (Figures 
42(b), 43(b), 44(b)). All particles were then finally driven to the pressure nodes by the 
acoustic radiation forces induced by the SAW (Figure 42(c), 43(c), 44(c)). However, the 
migration time required for all particles to fully move to the pressure nodes and the 
particle trajectories were significantly different for different side wall thicknesses. When 
the side wall thickness is decreased, the migration time of the particles toward the 
pressure nodes decreased because the acoustic radiation forces acting on the particles 
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become larger due to minimal acoustic energy loss. It should also be pointed out that the 
particle trajectories for thinner side wall cases were almost a straight line. On the other 
hand, the trajectories of the particles for thicker side wall were parabolic.  
 
Figure 42. Fluorescent images of the 10 μm PS particles subjected to the SAW field 
within the PDMS channel with the side wall thickness of 2 mm (operating frequency: 
13.3 MHz, input power: 27 dBm). (a) the initial position of the particles at t=0, (b) 
tracking of the paths of the particles (the images obtained from 0.05 to 0.55 seconds were  
combined), and (c) the final position at the time (t=0.6 s) for all particles fully move to 
the pressure nodes located in the channel wall. 
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Figure 43. Fluorescent images of the 10 μm PS particles subjected to the SAW field 
within the PDMS channel with the side wall thickness of 6 mm (operating frequency: 
13.3 MHz, input power: 27 dBm). (a) the initial position of the particles at t = 0, (b) 
tracking of the paths of the particles (the images obtained from 0.05 to 1.65 seconds were 
combined), and (c) the final position at the time (t=1.7 s) for all particles fully move to 
the pressure nodes located in the channel wall. 
 
92 
 
 
 
Figure 44. Fluorescent images of the 10 μm PS particles subjected to the SAW field 
within the PDMS channel with the side wall thickness of 8 mm (operating frequency: 
13.3 MHz, input power: 27 dBm). (a) the initial position of the particles at t=0, (b) 
tracking of the paths of the particles (the images obtained from 0.05 to 3.05 seconds were 
combined), and (c) the final position at the time (t=3.1 s) for all particles fully move to 
the pressure nodes located in the channel wall. 
 
 Figure 45 illustrates the transverse distance of the selected particles during their 
migrations as a function of time for the different side wall thickness. The positions of the 
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selected particles at different times were tracked continuously using the image acquisition 
software (cellSens, Olympus). The effect of the PDMS side channel wall thickness on the 
transverse path of the particles was observed more clearly. Based on these results, the 
average migration velocities of the selected particles were determined to be 115.3 μm/s 
for 2 mm side wall thickness, 56.7 μm/s for 6 mm side wall thickness, and 40.3 μm/s for 
8 mm side wall thickness. The migration velocity of the particle exerted by the acoustic 
radiation forces induced by SAW increased as the side wall thickness of the PDMS 
channel decreased. For example, the decreasing side wall thickness of the PDMS channel 
from 8 mm to 2 mm results in 186% increase in the average migration velocity of the 
particles.  
 As fast response of the particles is required for many high-throughput applications, 
the thinner side wall thickness of the PDMS channel is more suitable for the SAW-based 
high-throughput system. As a result of this study, the PDMS microfluidic channel wall 
thicknesses should be minimized in the design to enhance SAW transmission and reduce 
acoustic energy loss. However, very thin side wall of PDMS microfluidic channel may 
reduce the bonding strength of the PDMS microfluidic channel to the substrate, and it 
may potentially yield a leakage of sample solution from the interface between the PDMS 
channel and the substrate at the high flow rate case or the use of high viscosity medium. 
Therefore, adequate bonding and sealing integrity of the PDMS microfluidic channel to 
the substrate should be considered to optimize the side channel wall thickness. It should 
be pointed out that even for 2mm top and side wall PDMS microchannel thicknesses, no 
leakage or any other negative effects were observed in this study. 
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Figure 45. The transverse distance of the selected particles from the initial position as a 
function of time for the different side wall thickness of the PDMS channel. 
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CHAPTER 7. PARTICLE MANIPULATION BY PHASE-SHIFTING  
OF SURFACE ACOUSTIC WAVES 
 
7.1. Introduction 
 The ability of precise manipulation of particles in fluids is critical in biosciences, 
such as molecular biology [192], biochemistry [193], and biophysics [194]. To date, 
various techniques have been studied to manipulate particles in a microfluidic channel 
including optoelectronic, electrokinetic, and magnetic methods [195–197]. However, 
these methods have drawbacks, such as the need for a complicated optical setup, damage 
to biological particles due to high heating, and the requirement of labeling of particles. 
Consequently, the development of precise, easy, biocompatible, and label-free 
manipulation technique is needed.  
 Recently, the bulk acoustic wave (BAW)-based particle manipulation techniques 
have been investigated [198–200]. These techniques are capable of particle transportation 
by using the resonance frequency change, mode switching, and controllable phase. 
However, these BAW-based methods are not preferred choice for small (few microns) 
particle manipulation due to inherent low frequency of BAW and high attenuation of 
BAW. In addition, using BAW is not applicable to very common channel materials, such 
as PDMS, because of the requirement of high acoustic refection coefficient material for 
microfluidic channel as discussed in Chapter 4.1. Also, it has difficulties in 
96 
 
miniaturization and integration for microfluidic systems due to the use of bulky 
transducers.  
 Very recently, an acoustic-based particle manipulation technique using tunable 
SAW has been investigated [201]. The tunable SAW was generated by chirped IDT, in 
which the pitch of the IDT electrodes ranges linearly. The gradient in the chirped IDT 
pitch leads to a wide range of working frequencies of SAWs. Thus, the position of the 
pressure node induced by SAW in the microfluidic channel was changed precisely by 
tuning the frequency of SAW so that the suspended particles were manipulated toward 
target outlet. However, the accurate fabrication of the chirped IDT with small pitch 
ranged linearly is one of drawbacks of this technique. In this Chapter, the SAW-based 
particle manipulation using phase-shift with conventional single-electrode- type IDTs is 
investigated. The single-electrode-type IDT is widely used because of its structural 
simplicity and relatively wide strip width (a quarter of wavelength) which offers the ease 
of fabrication.  
 
7.2. Materials and Methods 
 Figure 46 shows the working mechanism of particle manipulation using phase-
shift of SAW. The principles of SAW generation by IDT and the appearance of the 
pressure node by SAWs within the microfluidic channel were already discussed in 
Chapter 4.2.1. Most solid particles including cells suspended in an aqueous medium 
move towards pressure nodes when they are subjected to the acoustic field. The position 
of the pressure node within the microfluidic channel can be adjusted by varying the 
relative phase difference (phase-shift) of the signal voltages applied to IDTs.  
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Figure 46. Schematic diagram showing working mechanism of particle manipulation 
using phase-shift of SAW: (a) no phase-shift, (b) 90
°
 phase-shift, (c) -90
° 
phase-shift. 
 
 As seen in Figure 46(a), a pressure node is located initially in the center of 
microfluidic channel with no phase-shift (reference position in x-direction). If the phase 
shift of 90° is applied by changing the phase of one of the SAWs (red solid line in Figure 
46), the pressure node is moved in the positive x-direction, and the particle moves toward 
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the new pressure node location (Figure 46(b)). If the phase shift of -90° is applied, the 
pressure node moves along negative x-direction, and the particle is manipulated to the 
new pressure node location (Figure 46(c)). By modulating the relative phase difference 
between two IDTs, the position of pressure node of the SAW in the microfluidic channel 
changes linearly, resulting in the manipulation of a particle trapped to the pressure node. 
There is a theoretical linear relation between the displacement of particle manipulated 
and the phase-shift [202]: 
1
2 720
x
k

                                                     (22) 
where Δx, Δφ, k, and λ are displacement of particle, phase-shift, wave number, and 
wavelength, respectively.  
 The single-electrode-type IDTs were fabricated by deposition of chrome layer 
with 100 nm thick on a 128° Y-rotated, X-propagating lithium niobate (LiNbO3) 
piezoelectric substrate using photolithography procedures. The width and period of the 
IDT finger were 75 μm and 300 μm, respectively, resulting in a wavelength of 300 μm 
and an operating frequency of 13.3 MHz. PDMS microfluidic channel was fabricated 
using soft lithography replica molding technique. The width and depth of the fabricated 
PDMS microfluidic channel were 150 μm and 100 μm, respectively. The detailed 
fabrication process of the SAW-based microfluidic devices used in this study can be 
found in Chapter 4.2.3. For investigation of particle manipulation using phase-shift of 
SAW, a solution of fluorescent polystyrene particles with 5 μm diameter (Bangs 
Laboratories, Fishers, IN) was injected to the PDMS microfluidic channel by the 
microliter syringe (Hamilton, Reno, Nevada) and the syringe pump (KD Scientific, 
Holliston, MA). The concentration of the particles in the sample solution was 1% by 
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volume. The phase-shift was induced by the arbitrary function generator (AFG3022B, 
Tektronix), whose phase and amplitude can be controlled independently, is connected to 
the IDTs for generating SAW. The trajectories of the particles streams manipulated by 
phase-shift were obtained continuously using a fluorescence microscope (IX-51, 
Olympus), a CCD camera (XM-10, Olympus), and an image acquisition software 
(cellSens, Olympus). 
 
7.3. Results and Discussion 
The composited trajectories of 5 μm fluorescent polystyrene particles streams at 
five different phase-shift applied (-180°, -90°, 0°, 90°, 180°) were shown in Figure 47. 
Initially, the particles were aligned at the center of the microfluidic channel where the 
pressure node was located in the first SAW field. Note that this center position of the 
pressure node induced by first IDT pair was fixed during experiments, and therefore is 
referred as reference position. To demonstrate particle manipulation using the phase-
shifting, the phase of one of second IDT pair was modulated, resulting in applying phase-
shift of   -180°, -90°, 0°, 90°, and 180°. The particles were manipulated with different 
lateral displacement by changing the pressure node position due to each phase-shift. 
Without phase-shift, the particles were continuously flowing at the center of the channel. 
When positive phase-shifts (90°, 180°) were applied, the pressure node moved along 
positive x-direction in the microfluidic channel and the particles were directed to the 
below center of the microfluidic channel. On the other hand, when negative phase-shifts 
(-90°, -180°) were applied, the pressure node was re-located along negative x-direction 
and the particle were manipulated to the above center of the microfluidic channel. The 
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lateral displacements of the particles from -72.5 μm to 73.1 μm along the x-direction 
were accomplished by varying phase-shift with a range of -180° to 180° at the second 
SAW field. 
 
 
Figure 47. A composite fluorescent image showing the trajectories of 5 μm PS particle 
streams induced by five different phase-shifts of SAW. A constant operating frequency of 
13.3 MHz, an input power of 1 W, and a flow rate of 1 μl/min were applied during the 
experiments. 
  
 Figure 48 shows the experimental particle displacement data as a function of 
phase-shift applied and the theoretical variation of particle position calculated from 
Equation (22) over a range of -180° to 180°. It can be observed that the relationship 
between the particle displacement and the phase-shift was almost linear experimentally, 
and the experimental data had good agreement with the theoretical prediction of the 
displacement. Since this technique can precisely define and transport the pressure node of 
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SAW, the particles can be manipulated over a predetermined displacement continuously 
until they reach the targeted locations. 
 
Figure 48. Experimental particle displacement data as a function of phase-shift applied 
and the theoretical displacements calculated from Equation (22).  
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CHAPTER 8. CONCLUSIONS 
 
8.1. Summary and Contributions 
 In this dissertation, an acoustic-based microfluidic platform using surface acoustic 
waves for active particle separation and fluid mixing has been investigated. The general 
background and theory of microfluidics and acoustics, main physical mechanisms of 
acoustofluidics were presented first in detail. Continuum hypothesis, Reynolds number, 
Navier-Stokes equation, and microfluidic channel materials in microfluidics were 
discussed. In acoustics, the definition and features of piezoelectricity, piezoelectric 
materials, surface acoustic wave, acoustic radiation force, and acoustic streaming were 
discussed.  
 A novel sheathless surface acoustic wave-based particle separation was 
demonstrated. Two fluorescent polystyrene particles with different diameters (3 µm and 
10 µm for general size-resolution, 3 µm and 5 µm for higher size-resolution) were 
successfully separated with high efficiency. In addition, the density-based sheathless 
particle separation using surface acoustic wave was also demonstrated. Fluorescent 
polystyrene and melamine particles with the same size (10μm), and different density 
(polystyrene: ρ=1.05 g/cm3, melamine: ρ=1.71 g/cm3) were successfully separated with 
high efficiency. The separation efficiency was increased by increasing power, decreasing 
flow rate, and decreasing particle concentration.  
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 The prominent feature of this acoustic-based particle separator is that the device 
does not require the use of the sheath flow for positioning and aligning of particles in 
order to separate particles. The sheathless flow focusing and separation are integrated 
within a single microfluidic channel and accomplished simultaneously. This device sets 
the first demonstration of acoustic separation to eliminate sheath flows as well as the first 
demonstration of density dependent separation using acoustic forces. This acoustic-based 
separation technique has great potential to be used as a component in lab-on-a-chip or 
micro total analysis systems for integrated biological or biomedical applications. In 
addition, this acoustic-based particle separator is ideal for the microparticle sensor 
because (1) it is applicable to all types of solid particles regardless of their size, shape, 
density and electrical/magnetic/optical properties; (2) it is a non-invasive method and 
requires low power intensity; (3) it allows the use of a relatively large microfluidic 
channel in comparison to particle separation using pinched flow fractionation and 
deterministic lateral displacement, which will allow for high throughput and cause less 
problems with clogging, and most importantly; (4) it does not require the use of sheath 
flow, which usually change the composition and concentration of the analyte.  
 Active mixing in a microfluidic channel using acoustic streaming induced by dual 
surface acoustic wave was demonstrated. Two fluids streams of DI-water and a solution 
of fluorescent dye (Fluorescein sodium salt) were mixed homogeneously with high 
efficiency. The higher mixing efficiency was achieved with larger voltage applied to 
interdigital transducer and a lower flow rate. Especially, active mixing performance with 
dual excitation by two interdigital transducers is much higher than that of single 
excitation by one interdigital transducer at the same applied voltages and flow rates. For 
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example with 85 Vp-p applied voltage, 10 μl/min flow rate and 4 mm aperture length, the 
mixing efficiency with dual interdigital transducer design increased to 96.7% from 69.8% 
achievable with single interdigital transducer design. Also, the results indicated that the 
longer-aperture interdigital transducer designed caused slightly higher mixing efficiency. 
This rapid homogenous and efficient surface acoustic wave-based active mixing 
technique in a microfluidic channel could be a critical potential for high-throughput 
chemical, biological, and biomedical analysis systems.  
 Polydimethylsiloxane (PDMS) is the most widely used polymer materials to 
fabricate the microfluidic channel as it has prominent features compared to other 
polymers. The effects of PDMS microfluidic channel wall on the surface acoustic wave 
insertion loss and the particle migration to the pressure nodes due to acoustic radiation 
forces induced by the surface acoustic wave were investigated. It was observed that the 
insertion losses decreased as the side and top wall thicknesses of the PDMS channel 
reduced. For example, reducing the side wall thickness from 8 mm to 2 mm with 8 mm 
top wall thickness decreased the insertion loss by 31.2%. The side wall thickness of the 
PDMS channel affects the transmission of the surface acoustic wave more significantly 
than the top wall thickness. Also, the migration velocity of the particle exerted by the 
acoustic radiation forces induced by SAW increased as the side wall thickness of the 
PDMS channel decreased. Reducing side wall thickness of the PDMS channel from 8 
mm to 2 mm induced 186% increase in the particle migration velocity. As the acoustic 
energy is attenuated more with the thicker wall cases, the PDMS microfluidic channel 
wall should be as thin as possible to enhance the capability and efficiency of the surface 
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acoustic wave-based microfluidic device while ensuring adequate bonding and sealing 
integrity.  
 The novel acoustic-based particle manipulation method using phase-shift was 
proposed and demonstrated experimentally. The suspended polystyrene particles of 5 μm 
diameter were driven and trapped to the pressure node by acoustic radiation force at the 
center of microfluidic channel. By modulating relative phase between voltages applied to 
two IDTs, the location of the pressure node of SAW was moved and this caused the 
polystyrene particles trapped in the pressure node were manipulated precisely. The lateral 
displacements of the particles from -72.5 μm to 73.1 μm from the center of the 
microfluidic channel were accomplished by varying phase-shift with a range of -180° to 
180°. The relationship between the particle displacement and the phase-shift of SAW was 
obtained experimentally and shown to agree with theoretical prediction of the particle 
position. This acoustic-based particle manipulation technique is simple, precise, label-
free, biocompatible, and highly controllable method. 
 The mixing, separation, and manipulation techniques presented in this study could 
be integrated together in a LOC system or micro total analysis system (µ-TAS) for 
biological or biomedical applications. For example, the injected reagent and sample 
biological particles solution in the system can be mixed by acoustic streaming due to dual 
excitation, and then they can be separated based on size or density difference using 
sheathless SAW-based separation method. Then, the separated particles can be 
manipulated precisely by phase-shifting of SAW toward the targeted locations for 
detecting function in the system. 
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8.2. Future Work 
 The future efforts could be aimed at using this sheathless acoustic-based separator 
to detect and sort of rare cells for cell biology and biomedical applications. The detection 
and analysis of circulating tumor cells (CTCs), is important for fundamental 
understanding of the process of metastasis, disease staging, predicting prognosis, 
monitoring patients during therapy, and improving therapy design. CTCs are not easily 
detected because a quantity of these cells in whole blood is very small [203]. However, 
the isolation of CTCs from whole blood can be performed based on cell size because 
CTCs commonly are larger than blood components such as plasma, red blood cells 
(erythrocyte), white blood cells (leukocytes), and platelets. The separation of neural stem 
cells is of critical importance to understanding the specific and unique functions.  These 
cells play a significant role in the central nervous system (CNS), and potential 
applications in cell replacement therapy in many neurodegenerative disorders (such as 
Parkinson’s, Alzheimer’s, or Multiple sclerosis) and cancer [204, 205].  The separation of 
neural stem cells from progenitor cells can be accomplished based on the size of these 
cells. This sheathless acoustic-based separator can greatly reduce the amount of time 
required for cell purification and preparation for transplantation compared to the use of 
typical method, fluorescence-activated cell sorting (FACS), for the purification of 
hematopoietic stem cells which can take 1–17 hours [206]. This acoustic-based 
separation method does not require the specific labeling of cells, and therefore offers the 
possibility of cell purification of mixtures of cells where distinct cell surface markers for 
the different types of cells in the population are not available, or when cell labeling with 
antibodies or other cell markers is not desired.  
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 To date, a large number of experimental demonstrations and investigations of 
particle separation using acoustic radiation force have been studied. However, there are 
very few theoretical or numerical demonstrations of acoustic-based particle separation. 
Thus, the acoustic finite element and theoretical models coupled with the microfluidic 
channel, the medium fluid, the fluid-structure interface, and the absorbing boundary are 
required to investigate how acoustic waves interact with particles or cells in the 
microfluidic channel and to optimize IDT design with the propagation characteristics of 
surface acoustic waves. In addition, the development of computational techniques to 
analyze the non-linear acoustic streaming in microfluidic channel is also needed to 
improve understanding of the acoustic-based mixing phenomena.  
 The current acoustic-based microfluidic platform design has limited the 
manipulation of sub-micron objects such as single DNA or protein molecules due to 
insufficient acoustic force acting on the object. For instance, if the diameter of the 
particle is less than about 0.3 μm, the acoustic forces acting on the particle are smaller 
than the viscous forces as shown in Figure 13. Thus, the comprehensive study for 
generating a stronger acoustic force on nano-objects should be introduced to overcome 
this limitation, such as the effects of increasing operation frequency and the investigation 
of different design IDT including the focused IDT, chirped IDT, and slanted-finger IDT.  
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Figure B. The permission for reuse of author’s own manuscript [103] for Chapter 4 from 
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Sensors and Actuators A: Physical journal. 
 
127 
 
Appendix A (continued) 
 
 
           Figure D. The permission for use of the previously published Figure 1 and 2.  
 
  
128 
 
Appendix A (continued) 
 
             Figure E. The permission for use of the previously published Figure 3. 
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